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FOREWORD 


THE PLAN to publish a memorial to Irving Langmuir, including all of the 
scientific output of his brilliant career in research, was announced to me by 
Captain I. R. Maxwell, managing director of Pergamon Press, late in 1958. 
My associates and I were asked to aid the venture by providing editorial advice 
and counsel, by enlisting the cooperation of scientific friends and acquaintan- 
ces, and by assisting in the collection and identification of material. Our enthu- 
siasm for the project and our willingness to cooperate sprang from two impor- 
tant considerations. 

First, Langmuir’s career provides an outstanding example of how free, 
but discriminating, inquiry in pure science may yield not only vital new know- 
ledge and understanding of nature, but also a great bounty of practical use- 
fulness for society. Secondly, Langmuir’s associates hold him not only in great 
respect, but in very great affection as well. Hence the preparation of these 
volumes has been more than a service; it has been a labor of love. 

The original plan was to publish Langmuir’s works in three or four volumes, 
but for very good reasons, which developed during the course of the project, 
the series has grown to twelve volumes. The quantity of Langmuir’s published 
scientific work proved to be far greater than we had estimated, and some 
previously unpublished wartime research and reports on meteorological studies 
were of such importance that their inclusion in the volumes was mandatory. 
Moreover, some exceptionally interesting philosophical papers and publications 
served to round out the literary portrait of Langmuir as a man and as a scientist. 

My associate editors, Sir Eric Rideal and Professor P. W. Bridgman, have con- 
tributed generously from their great wealth of knowledge and their intimate 
acquaintance with Dr. Langmuir. It is a pleasant duty to acknowledge that the 
many members of the Honorary Editorial Advisory Board have participated 
in this venture with enthusiasm, and that their editorial contributions to the 
separate volumes have added tremendously to the appraisal and interpreta- 
tion of Langmuir’s collected works. I particularly want to acknowledge with 
gratitude the valuable work of Professor Harold E. Way of Union College 
who, in the capacity of Executive Editor, has carried the major task of assuring 
that our responsibilities and commitments were fulfilled. 

I first met Irving Langmuir in the General Electric Research Laboratory 
when I joined the research staff in 1930, but our first meeting might equally 
well have taken place on a ski hill in the Adirondacks, at Lake George where 
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he liked to spend the summer, or on a climb on Mt. Marcy, for he had a prevail- 
ing love of the out-of-doors. Whether in the Laboratory or in the mountains, 
an intense curiosity about natural phenomena constantly pervaded his thoughts. 
In fact, I have never met anyone else who was so well coupled to nature. 

I am sure that, like all observant people, Langmuir perceived the beauty 
of nature as portrayed by the qualities of form, color, mass, movement, and 
perspective. In addition, however, Langmuir was delighted and entranced 
even more by the challenge to understand the working of nature as portrayed 
in the phenomena of everyday life — clouds, ripples on water, bubbles in ice, 
the temperature fluctuations of air and of water, the plastic quality of snow, 
the flight of a deer fly, and the thousands of ‘“‘simple” phenomena which nearly 
everyone takes for granted. These manifestations of nature held endless fas- 
cination for Langmuir, and he constantly challenged himself to explain basic 
phenomena in terms of known laws of science. Of course, the same curiosity 
characterized his work in the Laboratory, and hence, provided the unifying 
motivation for his career, whether at “work” or at “play”. 

Langmuir’s scientific work is so completely and perceptively described 
and appraised in the separate volumes of this work that only a few general 
comments and observations are appropriate, or indeed possible, at this point. 

One striking feature of his research method was its instrumental simplicity. 
Although his career extended into the glamour age of science, characterized 
by large, impressive, and expensive machinery such as the cyclotron, the 
synchrotron, and particle and radiation diffraction equipment, his own ex- 
periments were almost invariably simple and uncluttered. He seemed posi- 
tively attracted to simple experimental techniques, in refreshing contrast to 
what sometimes appears to be a fashionable reliance on impressive and expen- 
sive complexity of research equipment. His work with heat transfer in gases, 
and later with electron emission phenomena from metals, employed laboratory 
glassware of stark simplicity. His studies of surface films, especially films 
on water, employed beautifully simple experimental equipment. The Labor- 
atory work on aerosols and smokes, and later on the nucleation of supercooled 
clouds, was all carried on with apparatus that could be assembled from the 
equipment of a typical home. His classical experiments on the “‘speed of deer 
fly” came about as close as possible to the string, wax, and paperclip approach 
to science; yet they sufficed to establish the essential facts sought by the inves- 
tigation. Probably few scientists, before or since Langmuir, have gained 
so much important new knowledge of nature with such simple research equip- 
ment. 

Similarly, Langmuir preferred to work with a few collaborators, rather 
than a large group or team of researchers, for this favoured a close contact 
with the work on a participating basis. His ability to apply mathematical anal- 
ysis to physical problems was of a high order, and he divided his time about 
equally between experimental work and theoretical work. The combination 
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of outstanding experimental and analytical ability which he possessed occurs 
but rarely in single individual; most scientists have somewhat greater interests, 
aptitudes, and hence accomplishment in one area or the other. 

Langmuir almost invariably worked on an intense basis and was generally 
completely preoccupied with his current problems. His concentration was 
exceptional, and he might pass you in the hall without seeing you. If you 
reminded him of it, he would smile and acknowledge that he was highly excited 
about some experiments that were in progress, or about some calculation 
that was presenting some puzzling aspects. 

We spend a good deal of time and thought nowadays on the question of 
motivation for scientists, seeking to understand the source and character 
of their drive. In Langmuir’s case, one needs to inquire no further than his 
curiosity. This pronounced trait provided an intense internal source of moti- 
vation, which constantly drove him to inquire and probe and test hypotheses 
until a pattern of understanding was developed. When he was on the trail 
of an exciting mystery, which was usually the case, his intense concentration 
was remarkable to behold. 

Langmuir’s career contributes much to our understanding of creative 
output in research. For example, on the perennial question of creativity and 
age, it has been held by some that the bulk of human creative work is accom- 
plished in early adult life, say in the age bracket between 25 and 35 years. It is 
probable that some purely statistical information might support this view. 
However, I would disagree strongly with the corollary conclusion that creative 
ability is characteristic of this age bracket. In the Laboratory, it is not unusual 
for creative young workers to acquire a greater span of research guidance, 
counselling, and even management responsibility as their career matures, and 
hence their creative contribution will, to a corresponding degree, appear 
in the work of others. I believe that in such cases scientists are generally not 
ess, but more creative with advancing age, frequently up to and even thro ugh 
retirement. It is clear that purely statistical information would not readily 
reveal this fact. 

It is interesting to examine Langmuir’s career as an example of a scientist 
who remained in active research up to and through retirement, to see what 
role age played in his output. In Volume XII we have depicted Langmuir’s 
achievements as a function of his age, using his scientific publications as evi- 
dence of his gross scientific output, and his principal accomplishments as evi- 
dence of his creative output. The resultant charts show remarkably constant 
productivity throughout his scientific career, and even through retirement. 
Throughout this period Langmuir published an average of five to six scientific 
papers per year. His principal accomplishments, both scientific and practical, 
took place almost uniformly over the period of his researches. Certainly no 
“creative age” can be identified in his career. The example of Langmuir’s 
scientific history does not prove the general thesis, but from the observation 
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of many research careers, I am persuaded that human creativity in science 
is not a significant function of age. 

Creative output, however, is a function of many other factors that comprise 
the research environment. One important factor is the changing field of re- 
search. Some of the most creative scientists in the history of the General Electric 
Research Laboratory have worked intensively in one field for a period of some 
years, and have then changed quite abruptly to a new field as a source of fresh 
stimulation and new challenge. It is evident that in a period of 5 years, or so, 
one can bring a fresh point of view to a new field, make a major contribution, 
and perhaps exhaust one’s ideas on the subject. At that point of fruition, there 
is a great temptation to sit back and bask in a reputation for eminence which 
has been established in a specialized field of science. The more courageous 
scientist, however, will be challenged, or will, like Langmuir, challenge himself 
to enter a new field. This requires courage, because in the new field he will 
be a neophyte but, at the same time, a scientific entrepreneur with a reputation 
at risk, and this risk may not pay off. 

Langmuir’s career exemplifies the courageous entrepreneur in science. 
It would be difficult to find a common demoninator, except curiosity, in many 
of the fields of science in which he made basic contributions. He never hesi- 
tated to attack new fields, such as protein monolayers, the generation of smoke, 
or meteorology, which were completely new and, hence, challenging territory 
to him. In each of these diverse fields, and in a great many others, he has made 
major basic contributions. 

Some discussion of the very important applied aspects of Langmuir’s scien- 
tific work is appropriate. It is a fact that, although his prevailing motivation 
in research was curiosity about all natural phenomena, he was always perceptive 
of the practical usefulness of research results, and he himself suggested pos- 
sible practical applications of many of the new phenomena which he discovered. 
He was generally able to communicate his enthusiasm to applied scientists 
and engineers interested in the proposed application and to give them guidance 
in its exploration. 

It is interesting to speculate on the way that Langmuir’s career might 
have developed had he chosen an academic, rather than an industrial environ- 
ment for his work in science. My personal belief is that his research would, 
in any environment, have resulted in a high order of scientific accomplishment. 
Although he evidenced little interest in teaching, he was in fact an outstanding 
teacher, and in a university he would have exerted a great influence on students 
who might have been fortunate enough to be in contact with him. But I doubt 
if an academic career for Langmuir would have, or could have, developed 
the great bounty of useful results for society which did come from his exposure 
to a creative industrial scientific environment. The human and economic 
impact of gas-filled lamps, high-vacuum] electron tubes, atomic-hydrogen 
welding, space charge emission phenomena, techniques and discoveries in 
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surface chemistry, thyratron arcs (with A. W. Hull), and cloud seeding tech- 
niques has been very great indeed, and in most of these developments the 
influence of his research environment has been unmistakable. 

Wherever Langmuir worked, or might have worked, the world is vastly 
better because of him, and both his former associates and colleagues, and the 
public at large, bear a tremendous debt of gratitude for his genius in science 
and for his perception of human need. 


June 15, 1960 
C. Guy Suits 
Vice-President and Director of Research 
General Electric Company 
Schenectady, New York 
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PREFACE TO VOLUME 1 


THE PAPERS in this volume represent the early work of Irving Langmuir, be- 
ginning with his doctoral thesis written in 1906. In this first paper he dealt 
with the dissociation of various gases produced by hot platinum wires and 
this was the forerunner of several related papers. His second paper, a theoret- 
ical one dealing with convection and conduction of gases at high temperatures, 
was written during the brief period he served on the faculty at Stevens Institute. 
A few years later (1909), Langmuir joined the staff of the General Electric 
Research Laboratory on a full time basis. The policy of allowing a research 
scientist to choose his field of investigation made it possible form him to con- 
tinue in this area. Consequently, during the next several years, he produced 
many papers dealing with heat losses and especially with dissociation of hydrogen 
into atoms. 

In addition to being an excellent scientist and a most capable mathematician 
Langmuir had the uncanny ability to recognize those parts of his research 
information that could most profitably be applied to industrial needs. Thus 
while these papers might be classed as basic science, they culminated in the 
perfecting of the hydrogen welding arc, a most important industrial applic- 
ation. They also gave him valuable information for his work on tungsten, as 
shown by his papers in Volume 2. 

Sir Eric Rideal, of the Imperial College, London, was selected as an eminent 
scientist to write a contributed article on the chemical aspects of Langmuir’s 
work, Professor P. W. Bridgman, formerly of Harvard, and a long time friend 
of Langmuir, was invited to write a contributed article on the physical aspects 
of Langmuir’s work. These two articles will appear in the first and last vol- 
umes of the set. 

Professor R. Z. Roginsky, a member of the U.S.S.R. Academy of Sciences 
and the leading Russian scientist in the field of catalysis and high vacuum, 
was invited to write the contributed article for this volume. 


Harotp E. Way 
Executive Editor 
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SOME OF THE CHEMICAL ASPECTS 
OF THE WORK OF LANGMUIR 


BY Sir Ertc RImDEAL 


THE SCIENTIFIC world is becoming increasingly interested in that branch 
of science termed surface chemistry. Each year new knowledge is gained 
in academic and industrial circles. The principles of this science were first 
formulated with clarity and precision by the man who may well be called 
the founder of the subject, Irving Langmuir. 

To appreciate the impact of his work in this field, we should read his papers 
and the commentaries thereon, provided in this and subsequent volumes: 
We should also try to visualize the state of the subject at the dawn of this 
century. At that time a great deal of information was available concerning 
the adsorption of gases and vapors on porous materials, such as charcoal. 
Attempts were being made to express the results in an equation, the adsorption 
isotherm. If the amount absorbed at the pressure p is x, a first approximation 
is given by the equation 

x= kp’ bs 
The constants k and 2 are characteristic of the particular system. This equa- 
tion, first introduced by Kiister in 1894, has come to be known as the Freund- 
lich adsorption isotherm. 

The mechanism of reaction at surfaces was a subject for speculation from 
the earliest days of chemistry. Michael Faraday, considering the reaction 
of hydrogen and oxygen at clean platinum surfaces, thought of the gases as 
being compressed on the surface, causing greater collision frequency between 
reacting molecules. 

Langmuir approached the subject in an indirect way. It is not without 
interest to follow the steps which led him to novel conceptions and new exper- 
imental methods. At the University of Gottingen, in a discussion with Nernst, 
the suggestion arose that the high-temperature dissociation contants of gases 
such as water vapor or carbon dioxide might be determined by studying 
the gases at low pressures exposed to glowing metallic filaments. It seemed 
probable that any products of dissociation or formation on the hot wire would 
not suffer appreciable change during the extremely short diffusion time out 
of the hot zone. The temperature of the wire could be determined by measur- 
ing its electrical resistance. 
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A series of such experiments was carried out by Langmuir in the range 
1300-1500°K. The values he obtained for water and carbon dioxide dissociation 
were reasonable, although a little lower than those found by Nernst and von 
Wartenburg using classical methods. 

On Langmuir’s return to the United States, Dr. W. R. Whitney of the 
General Electric Company suggested that he should spend some time in that 
company’s Research Laboratory, before taking up any special line of inves- 
tigation. He was attracted by two experimental results which had been found 
in that laboratory. W. D. Coolidge had succeeded in making tungsten wire 
ductile and suitable for his newly developed X-ray tubes. Occasionally, the 
drawn wire proved to be brittle, and it was suspected that occluded gas was 
responsible. It had also been noted by Whitney that during the lifetime of a 
tungsten lamp the vacuum gradually improved and this phenomenon of ‘‘clean- 
up” seemed of interest and importance. Clearly the techniques developed in 
Gottingen were applicable here. As a result, Langmuir decided to make a 
careful study of the “clean-up” process with various gases. 

His first experiments with molecular kydrogen were surprisingly success- © 
ful. He showed that atomic hydrogen was formed, and condensed on the cool 
wall of the container. From this wall, it could be removed by subsequent 
reaction with more hydrogen atoms. By measuring the heat lost by the wire, 
he succeeded in determining the heat of dissociation of molecular hydrogen, 
and the dissociation constant over a wide temperature range. 

It is interesting to note that this initial phase in Langmuir’s development 
of “thot wire” chemistry involved several fundamental innovations: (1) the 
manipulation of gases at very low pressures, (2) quantitative analyses on gas 
volumes in the range of a cubic millimeter (NTP) and (3) the production of a 
really good vacuum. These are all commonplace procedures now, but we are 
indebted to Langmuir for them. 

He next examined the possible mechanisms which might be responsible 
for the formation of atomic hydrogen when the gas at low pressures was ad- 
mitted to a bulb containing a hot tungsten filament. There are evidently 
three possibilities: 

(1) the dissociation occurs in the heated gas around the wire. 

(2) the dissociation occurs on the surface of the wire by the impact of the 

molecules and atoms against the surface. 

(3) the dissociation occurs in the wire or in a surface layer where equi- 

librium prevails. 

By detailed analysis he showed that only the third hypothesis was tenable, 
and this in turn led to a consideration of the nature of the surface layer and 
the condition of equilibrium of it with the circumambient gases. 

Langmuir was much impressed by the work of the Braggs on the space 
lattices of crystals as revealed by X-rays. He concluded that at the surface 
of the solid, forces holding the crystal together tend to become unsaturated 
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and a single layer of atoms or molecules of gases can thus be held firmly by 
the surface atoms of the solid, as if it were an extension of the lattice. 

The concept of a checkerboard containing a definite number of spaces 
per square centimeter, each space capable of holding an atom or definite part 
of a molecule of adsorbed gas was entirely novel. It was simple and it rejected 
the idea of long range forces of any appreciable magnitude. 

Langmuir extended his investigations on hydrogen to the behavior of 
other gases when exposed at low pressures to the action of an incandescent 
tungsten filament. 

He found that when a filament was heated in a gas at a few microns pressure 
the ensuing reaction might be one of four different types. 

First, when a tungsten filament is heated in oxygen at 100 microns pressure 
the WO, formed distills off continuously, its rate of formation being proportional 
to the pressure of the gas. By application of the Herz—Knudsen equation, 
Langmuir was able to calculate the fraction of the oxygen molecules striking 
the wire which underwent reaction at various temperatures. Secondly, he 
found that nitrogen did not react with the hot filament, but that the evaporated 
tungsten atoms reacted with nitrogen in the gas phase. They formed a nitride 
WN, which condensed on the walls of the containing vessel. The rate of “‘clean- 
up” was equal to the rate of evaporation of the metal until the pressure 
fell sufficiently, so that metal atoms arrived at the walls without suffering 
collision with nitrogen molecules during their transit. Such deposited atoms 
did not react with nitrogen, but if the bulb were cooled in liquid air metal 
atoms impinging on adsorbed nitrogen did react. On the other hand, when 
the pressure of the nitrogen became great enough, the nitride molecules formed 
by the evaporating tungsten atoms could not diffuse away readily. They de- 
composed and the tungsten was redeposited on the filament which in conse- 
quence appeared to vaporize less rapidly. Carbon monoxide behaved in 
a similar manner. 

A third type of reaction consisted in the filament reacting catalytically 
on the gas, it itself remaining unchanged. This can be exemplified in the dis- 
sociation of molecular hydrogen. Fourthly, the hot filament emits electrons 
and these, in turn, may alter the composition of the gas. In the course of these 
investigations a great deal of collateral work was completed, several of them 
leading to important results. One might mention the treatment of thermal 
conduction and convection in gases at high temperatures, the determination 
of the melting points and vapor pressure curves of tungsten and platinum 
and the development of the now well known mercury vapor condensation 
vacuum pump. There was also the important observation that the heat loss 
from an incandescent wire was relatively independent of the diameter of the 
wire whilst the light radiated was proportional to the surface and hence to the 
diameter of the wire. These experimental discoveries gave birth to the fine 
coiled helix in high pressure nitrogen, constituting the modern high efficiency 
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gas filled lamp. At a later date Langmuir reverted to the problem of utilizing 
atomic hydrogen for the purpose of arc welding. 

In 1916 Langmuir commenced his studies on the fundamental properties 
of liquid and solid surfaces. 

Lord Rayleigh had concluded from the work of Miss Pockels that fatty 
acids spread upon the surface of water formed approximately a monolayer 
when extended. It is of interest to note that Benjamin Franklin carried out 
some experiments on a pond at Clapham in London, and had come to a 
similar conclusion. Later Sir William Hardy in England had observed that 
when a polar molecule is present at an interphase, the polar portion will become 
oriented and immerse itself in the phase of higher dielectric constant. In 
France, Devaux, Marcelin and Labrouste produced experiments to show 
that monolayers could exist in two dimensions, analogous to the three 
dimensional states of solid, liquid, and gas. Langmuir was initially unaware of 
the experiments of Hardy and Devaux but saw in Rayleigh’s conclusions support 
for his concept of short range forces. 

By examining the spreading on water of very small amounts of pure 
organic compounds with polar groups as — COOH or — OH, he demonstrated 
that such molecules become oriented at the water surface with the hydrophilic 
polar group immersed in the water. The area occupied by each molecule could 
be calculated from the number of molecules placed on the surface, and the 
limiting area to which the film could be compressed before a sharp rise in 
surface film pressure was observed. 

Perhaps the most dramatic of these early monolayer spreading experiments 
was the one which {demonstrated that the molecules of a homologous series 
of long chain fatty acids, when spread upon water, all occupied identical 
limiting areas. This was a conclusive proof of their like orientation on the sur- 
face. Many modifications of the Langmuir film balance and trough are now 
in daily use, and subsequent work has emphasised the importance and validity 
of this concept of the oriented monolayer as the fundamental structure of such 
surface films. Langmuir rediscovered the existence of separate states of these 
monolayers, and gave us a simple physical picture of the liquid expanded 
films of Labrouste, namely: that whilst the heads of the fatty acids were held 
in the water the hydrocarbon tails formed a thin oily liquid layer above the 
surface. These films he termed duplex films. 

With Katherine Blodgett and Vincent J. Schaefer many simple, interesting 
and valuable experiments were recorded. If a monolayer on water is confined 
in a trough, and a floating waxed cotton thread acts as a piston face or barrier, 
a constant compression can be maintained on the monolayer. This was done 
by placing a drop of spreading oil on the other side of the barrier. Choice of 
the piston oils gives a wide range of compression pressures. By dipping a 
polished metal strip into such a floating monolayer, one monolayer at a time 
could be transferred to the metal. Multilayers could also be built which gave 
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graduated optical interference colors, depending on the number of layers 
deposited. A simple thickness gage was thus formed, and the actual length 
of a molecule could be measured with extremely simple equipment. Many 
adsorption studies on such known solids were carried out. The electrical 
properties of the layers proved interesting and were extensively studied by 
W. A. Zisman and by F. J. Norton. 

Coefficients of friction were measured on these deposited mono- and multi- 
layers by simple sliding experiments, giving fundamental information on 
boundary lubrication. Langmuir also visualized clearly the biological implica- 
tions involved in the concept of oriented monolayers. Mono- and multilayers 
of chlorophyl, various proteins, and enzymes such as urease and pepsin were 
prepared. This technique could differentiate some of the various structures 
of the steroids. There are now many schools of biology and physical chemistry 
studying monolayers of complex organic materials, macromolecules and poly- 
mers. Much work was done by N. K. Adam in England. 

Condensed monolayers on water retard evaporation. Langmuir introduced 
a valuable concept in defining the effect of the monolayer as a resistance to 
molecular flow of water vapor through it, and the efficiencies of various 
materials could thus readily be evaluated. Monolayers of cetyl alcohol are 
now employed on a relatively large scale for reducing losses by evaporation 
on reservoirs in hot and arid countries. 

After this fruitful and extensive series of investigations on oriented mono- 
layers, Langmuir returned to a consideration of clean-up of gases by hot fila- 
ments. These subjects now interacted with each other. He pointed out that 
if only monolayer gas adsorption is involved on the lattice surface of a metal, 
the fraction covered resulted from an equilibrium between two independent 
processes: condensation and evaporation. If this is so, and if only short range 
forces are involved, he showed an equation of remarkable simplicity could 
be derived. At a pressure p, the rate of evaporation is r, and the fraction of 
molecules hitting which condense is represented by a. If we consider @ the 
fraction of the surface occupied, the two opposing reactions of evaporation 
and condensation at equilibrium will be represented by 


10 = op(1—6) 
and 
—_°%? 
ee r+ap 


Langmuir examined such adsorption isotherms of a number of gases on glass, 
mica and platinum. He found excellent agreement with this simple theory, 
and the equation has been extremely useful. 

A paper by Langmuir on the catalytic oxidation of carbon monoxide by 
oxygen on clean platinum surfaces gave a fundamental interpretation of the 
process. He showed that each oxygen molecule striking the surface adhered 
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and dissociated to oxygen atoms. These stayed chemisorbed to the neighboring 
platinum atoms, even to 1500°K, and became very reactive to carbon monoxide. 
Hence, each collision formed a carbon dioxide molecule. A detailed picture 
such as this became possible from Langmuir’s simple and basic concepts. 

Thus the work on surfaces led to his work on catalytic reactions, and then 
to studies of electron emission from filaments. It is difficult to decide what, 
if any, are the precise boundaries between the two disciplines to which Lang- 
muir contributed so much — chemistry and physics. In his work on electron 
emission these fields continually overlap. He studied therm:onic emission 
from pure tungsten and other metals, and verified the Richardson equation 
at lower temperatures. In this work he made two important discoveries: (1) 
At high temperatures space charge effects limited the current to values lower 
than those predicted by the Richardson formulation and (2) the thermionic 
emission is greatly affected by the presence of even a fraction of a monolayer 
of certain foreign atoms on the incandescent’ surface. 

A long series of experiments in collaboration with K. H. Kingdon and 
J. B. Taylor on the effects of monolayers of caesium on the work function of 
tungsten were carried out. Today these concepts and experiments are most 
useful in recently developed heat-into-electricity conversion systems. 

Langmuir developed isotherms for more complex cases, e.g., where a gas 
such as hydrogen is dissociated on adsorption so that two elementary squares 
each holding one hydrogen atom are involved. Secondary layers might be 
built up or the surface might be heterogeneous in that different crystal facets 
or edges or corners might be involved each with its own specific values of a 
and r. All these more complex factors have, during the last decade, b2:0m= 
subjects of detailed investigation by many schools of physics and chemistry 
throughout the world. 

We know now that Langmuir’s valence union or in modern parlance chem- 
isorption is not the only type of adsorption possible. Thus physical adsorp- 
tion or adsorption involving no electron switch but only the dispersive forces 
is frequently encountered. His experiments on adsorption on mica and glass 
are good examples of what we now term physical adsorption. It is interesting 
to note that Langmuir himself noted that carbon monoxide seemed capable 
of being adsorbed on certain metals in two different ways. He devoted much 
time and thought to consideration of what might influence the two factors 
the condensation coefficient and r the specific rate of evaporation. The rate of 
impact of the gas on the metal surface can readily be calculated by means of 
the Herz—Knudsen equation and in the case of a reacting gas, such as oxygen 
on tungsten, the fraction of the impinging molecules which react can b2 de- 
termined from the rate of clean-up of the gas. The molecules which do not 
react can be reflected or condensed on the surface and subsequently evaporate 
unchanged. In the latter case they will come away from the surface substan- 
tially at the same temperature as the wire. Langmuir advanced argu nents 
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for the assumption that reflection, except on covered surfaces, was small and 
that condensation and reaction and condensation and re-evaporation were 
the two chief reactions taking place. In respect to the rate of evaporation r 
he observed that the reciprocal 1/r = t was the mean life time on the surface 
and this life time was dependent on the temperature by means of a relation 


a 

of the form t=, e *T where A could be regarded as the latent heat of 
evaporation. Wood had shown that a beam of metallic atoms striking a glass 
or metal surface would only condense provided that the atomic beam density 
exceeded a definite value dependent on the temperature and nature of the 
receiving surface. Langmuir’s experiments confirmed these observations 
and were interpreted by him on the assumption that condensation and re- 
evaporation were independent processes. These experiments have since 
been greatly extended by Esterman, Volmer, Cockcroft and others, since 
they provide us with a convenient method of examining the mechanism of 
two dimensional nucleation and grain growth. That he was deeply concerned 
about the mechanism of evaporation there is little doubt, since at this time, he 
examined the rate of evaporation of small spheres of iodine in air. He found 
in fact that the rate of evaporation was dependent upon the rate of diffusion of 
iodine vapor from presumably a saturated vapor layer at the surface of the 
solid iodine. This furnished an excellent example of diffusion as the rate con- 
trolling process, of which many examples had been given by Noyes, Whitney 
and by Nernst. If the air pressure be reduced the diffusion rate increases 
until the true rate of evaporation is attained. Since these experiments were 
carried out a great number of attempts have been made to measure the true 
rates of evaporation both of liquids and of the different facets of crystalline 
solids. The results obtained are by no means concordant, for during free evap- 
oration the surface layers become cooler than the bulk phase due to abstraction 
of the latent heat of evaporation, and surface temperatures are difficult to 
measure as Alty and others have pointed out. 


In 1921, at a General Discussion of the Faraday Society, Langmuir applied 
these concepts to the mechanism of heterogenous catalysis. I have already 
referred to the ideas which were current at that time. Both Faraday and Bo- 
denstein had lent their support to the view that the reacting gases were con- 
densed on the surface of a metallic catalyst and that the diffusion of the reac- 
tants to or of the products away from the surface was the rate controlling factor. 
Thus the decomposition of stibine at a glass surface was proportional to the 
0.6 power of the pressure of that gas; whilst the rate of formation of sulphur 
trioxide from the dioxide and oxygen at a platinum surface was, over a fairly 
wide range of temperature and pressure, found to be proportional to the 
pressure of the sulphur dioxide and inversely proportional to the square root 
of the pressure of the product gas, viz. sulphur trioxide. Bodenstein assumed 
that the sulphur trioxide was adsorbed on the platinum surface, the thick- 
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ness of the adsorbed film being proportional to the square root of the pres- 
sure of that gas. The oxygen diffused through this layer to the surface more 
rapidly than the sulphur dioxide: in consequence the rate controlling factors 
were the diffusion rates of the sulphur dioxide and the thickness of the 
film through which it had to diffuse or 


0(SO;) _ ,, (SO;) 
a * V0, 


Langmuir showed that in some of Bodenstein and Fink’s experiments there 
was in fact not enough gas present, even to form a monolayer, far less a thick 
diffusion layer, and adopting his view that short range forces only were oper- 
ational pointed out that the experimental data could be accounted for on the 
assumption that the chemical reactions occurred in the monolayer adjacent 
to the solid surface at rates governed by the fractions of the surface occupied 
by the reactants and products. 

We might look at a typical catalytic reaction, namely, the reaction between 
carbon monoxide and oxygen to give carbon dioxide according to the equation 
2CO + O, = 2CO, from the point of view expressed by Langmuir. Experi- 
mentally at the surface of hot quartz and also at a platinum surface the reaction 
velocity is found to be proportional to the partial pressure of the oxygen, inverse- 
ly proportional to the partial pressure of the carbon monoxide and practically 
independent of the partial pressure of the carbon dioxide. The interpretation 
of the experimental results from Bodenstein’s point of view was that the reaction 
velocity was governed by the rate at which oxygen would diffuse to the catalytic 
surface through a layer of carbon monoxide which was adsorbed in a quantity 
proportional to its partial pressure. Langmuir showed that this view was not 
tenable since the same kinetic laws held at pressure of a few bars, where 
thick layers of carbon monoxide would not be present. 

He also showed that the same results would be obtained if it were assumed 
that the carbon monoxide is strongly adsorbed as a monomolecular film 
so that it nearly but not completely covers the surface. Since the adsorbed 
carbon monoxide is regarded as non-reactive to oxygen striking it because 
the carbon monoxide molecules are orientated with the carbon directed 
to and combined with the underlying platinum, it is only the holes in this 
layer that are the sites of chemical reaction. A hole may be filled from the gas 
phase by either a carbon monoxide or an oxygen molecule striking it. If, as 
in the case of carbon monoxide, the hole is destroyed by being filled up one 
has to wait for another hole to form by evaporation of a molecule of the ab- 
sorbed carbon monoxide. If, however, the hole is filled with an oxygen molecule 
and this adsorbed oxygen is struck by and combines with a gaseous carbon 
monoxide molecule before it evaporates, the rate of reaction would be simply 
proportional to the partial pressure of oxygen and inversely proportional 
to that of the carbon monoxide. 
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The increase in rate obtained in raising the temperature is evidently due 
to the formation of more holes due to the increased rate of evaporation of 
the carbon monoxide, the latent heat of which can thus be measured. 

It is assumed that carbon monoxide which is adsorbed does not react when 
hit by oxygen molecules and it is also assumed that where carbon monoxide 
and oxygen are chemisorbed in juxtaposition to one another that they also 
do not react. Langmuir showed that these postulates were readily expressible 
in simple mathematical form. Thus if the three gases, viz. carbon monoxide, 
oxygen and carbon dioxide are at partial pressures P,, P, P, the rates at 
which they will strike the surface as determined from the Herz—Knudsen 
equation will be 4, 4s, Hs. If w be the rate at which oxygen reacts 2w will 
be the rate at which carbon monoxide disappears and dioxide is formed. 

The rate of condensation of the carbon monoxide will be given by a, 4, 0 
where 6 is the fraction of the surface that is bare and a, the accommodation 
coefficient of the gas. The rate of evaporation of the gas will be 7, 6, where 
r, is the specific rate of evaporation and 6, the fraction of the surface covered 
with the monoxide. At a steady state the rate of condensation is equal to the 
rate of evaporation or 

44,9 = 7,6, (1) 
If 6, be the fraction of the surface covered with oxygen the rate at which 
gaseous carbon monoxide will react with this chemisorbed oxygen will be 
&q ft, 9, where eé, is the efficiency factor for such collisions. When carbon 
dioxide is formed by a carbon monoxide molecule striking a molecule of 
oxygen present in a gap in the chemisorbed layer of carbon monoxide we note 
that an oxygen atom must be left on the surface until this in turn is removed 
by collision with another carbon monoxide molecule striking it from the gas 
phase. If 0, be the fraction at the surface covered with oxygen atoms, carbon 
monoxide will react with them at a rate ¢, 4,0,. Thus the total rate of form- 
ation of carbon dioxide by their low processes 


20 = £21419, +6419, (2) 


The rate at which molecular oxygen disappears is equal to the difference between 
the rate of condensation and its rate of evaporation or 


@ = a34,0—1,0, (3) 


The rate of production of oxygen atoms is evidently equal to the rate of 
disappearance of oxygen molecules and the former are removed from the 
surface by collision from gas phase carbon monoxide or 


o= £119, (4) 


whilst the carbon dioxide is produced at a rate 2m and thus must be equal to 
its rate of evaporation from the surface or 


2w = 15s (5) 
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where 6, is the fraction of the surface covered with carbon dioxide. Finally 
we have 


6+6,+0,+6, = 1 (6) 
From these six equations the fractions of surface covered by each gas can be 


expressed in terms involving only the gas characteristics namely p, r, ¢ and 
the reaction velocity w. This can be expressed in the form 


1 ay 2 + 4a )3 rs 2 
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This equation can be reduced pn the assumptions that oxygen is held much 


more strongly than carbon monoxide and that carbon dioxide evaporates 
very freely to the form 
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At low temperatures where the rates of evaporation are very small evidently 
the first term only is important or 


= 142s 
214, 

Whilst at high temperatures and low pressures only the second and third 
terms become most important or 

a: 

Ely abe 
Thus with great excess of oxygen we have w = } eu, and with excess of carbon 
monoxide @ = agp. 


Finally at very high temperatures or at very low pressures the last term 
becomes the determining one or 
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We can as Langmuir showed express the other basic assumptions in simple 
form. 

We have assumed that the carbon monoxide molecules are held to the 
surface by a single valency. The chance that any particular space will be 
vacant is evidently given by @ but if the carbon monoxide molecule requires two 
valencies or two neighbouring platinum atoms to retain it the chances that 
such a pair will be vacant is 62. Accordingly the rate of condensation under 
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these conditions will be a,y,6* and the rate of evaporation will in any case 
be r,0,. Thus for equilibrium 

14,95 = 710, 
Again an adsorbed carbon monoxide might react with a neighbouring chemisorb- 
ed oxygen. Under these conditions the reaction velocity would include a term 0,64. 

All these cases were investigated in detail by Langmuir in his fundamental pap- 
er on the catalytic oxidation of carbon monoxide and of hydrogen. By performing 
experiments under various experimental conditions he was able to show that 
the idea that every oxygen molecule striking the surface of clean platinum 
dissociates to form singie atoms, combin2d with separate neighbouring platinum 
atoms which do not evaporate readily since they are stable even up to 1500°K. 
The chemisorbed atomic oxygen is very reactive to carbon monoxide since 
every collision by the latter is effective in forming carbon dioxide. Adsorbed 
carbon monoxide is held by a two valency bond requiring two platinum 
atoms. This example has bzen cited at some length to give an indication 
of how Langmuir’s simple but basic concepts can b2 developed to give us 
a detailed picture of molecular processes which is quite impossible on any 
diffusive hypothesis. Langmuir’s views as to the modus operandi of het- 
erogenous catalysis are now generally accepted although in any one partic- 
ular case the detailed mechanisms are still matters of controversy. 

Thus in a general reaction of the typ? a +5 =c Ling nuir favored the 
assumption that the reaction b2tween a ani b too plize between two neigh- 
bouring chemisorbed species a and }. An alternative view is that reactions 
might take place between a chemisorbed a or a chemisorbed 6 and a physically 
adsorbed 5 or a, resp2:tively or even by direct collision of the complementary 
spe-ies from the gas phase. This alternative possibility was shown by Lang- 
muir to b2 the case for the oxidation of carbon monoxide at the surface 
of platinum. Equally important is the question whether any of the chemisorbed 
species a, b, or c have two dimensional mobility. It is clear that if a catalyst 
surface is sparsely covered with the reactants a or b but a small fraction of 
them will b2 present as neighbour pairs and capable of reaction. If, however, 
either a or b possess two dimensional mobility then it is evident that the 
surface reaction could in time go to conclusion. Langmuir in his studies on 
gas reactions and catalysis problems does not appear to have concerned him- 
self with this question, indeed by inference where he regards the union of 
adsorbate to adsorbent as an extension of the crystal lattice he would tend to 
exclude two dimensional mobility. However, at a later date where he extended 
his investigations to the nature of monolayers of the alkali metals on tungsten 
he brought forward very convincing evidence, in those cases, for two dimen- 
sional mobility. 

We have already noted that Langmuir observed four different types of 
reaction when a gas at low pressure was exposed to an incandescent filament, 
the last one bzing the electron emission from the filament and these in turn 
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producing chemical reactions in the gas. Accordingly he turned next to study 
electron emission from hot wires and the effects of monolayers adsorbed on 
the wires on this emission. 

At the time when Langmuir commenced these investigations the theory 
of electron emission from hot metals as developed by Sir Owen Richardson 
had not been put to a rigorous test. Richardson’s equation expressed the relation- 
ship between the thermal electron emission from a hot metal in the form 


i= AT} e®t where A is a constant and gy the electron work function 
of the metal. 

Whilst Richardson’s own experimental. work gave a fair agreement with 
the theoretical figures there were more cases of failure to conform than of 
agreement. 

Langmuir studied the emission from pure tungsten in a high vacuum and 
found that in fact Richardson’s equation was valid with values of A = 23.6 x 10¢ 
amperes per square cm and g = 4.52 volts. He determined in a manner sim- 
ilar to that which he devised for tungsten, the Richardson constants for 
a number of other metals. He made two important discoveries: firstly, when 
the thermionic current attained high values at elevated temperature Richard- 
son’s equation was no longer valid but a saturation current was attained and 
secondly the thermionic current was greatly affected by the presence of adsorbed 
materials present in monolayer form or even portions of a monolayer on the 
metal surface. 

We will not concern ourselves here with developments which arose from 
Langmuir’s concept of the electron space charge which was responsible for 
the break down of the Richardson equation at high temperatures, as this is 
the domain of his major contribution to the physics of the behaviour and 
properties of gaseous discharges but we should observe the conclusions which 
he drew from a lengthy series of experiments on the effects of monolayers 
especially of thorium and of caesium on the electron work function of tungsten. 

He showed the correctness of Richardson’s view that when two pure metals 
were brought into contact with one another a constant potential V was de- 
veloped between the metals equal to the difference in their electron work 
functions V = 9, — 3; electrons being abstracted from the metal of lower 
work function until a compensating double layer was built up at the contact. 

When a tungsten wire containing a small quantity of thorium is heated 
to 1900°K for a short period and the temperature then reduced to 1800°K 
he found that the electron emission at that temperature greatly exceeded that 
of pure tungsten. This he attributed to the diffusion of the thorium to the 
surface, where ina monolayer form it lowered the work function. This monolayer 
could (p for tungsten is 4.2 volts for thorium 3.36 volts) readily be removed 
by evaporation at temperatures above 1900°K. If the layer was an atomic one, 
Langmuir showed that a maximum in activity was always attained regardless of 
the temperature and time of formation. Further he showed that the fraction 
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of the surface covered with thorium could be calculated from the emission 
current by the relationship. 
log ig — log i, 
6= — -_ . 
log 1, — log 4, 





where i, is the value for pure tungsten i.e., 9 = 0 and i, that for the completely 
covered surface § = 1. By carrying out experiments over a range of tempera- 
tures he determined both the energy of migration as well as the energy required 
for vapourizing the thorium from the surface. He noted that the rate of eva- 
poration increased slightly as 9 approached unity, an indication that the adsorb- 
ed thorium atoms exerted some effects on one another and that they possess at 
least some measure of surface mobility. The rate of evaporation could be express- 
ed in the form, rate = ae, a rate equation which is receiving renewed 
attention at the present time. 

His experiments with monolayers of caesium on tungsten were even more 
detailed. Since the work function of tungsten equals 4.2 volts and that of caesium 
film only 1.38 volts, we should anticipate that when a caesium atom strikes 
a tungsten surface it will lose an electron and in consequence re-evaporate 
at high temperatures as a caesium positive ion. 

At lower temperatures some of the caesium atoms condensing on the tungsten 
surface do not evaporate instantaneously but condense and re-evaporate so that 
an equilibrium surface concentration @ is built up characteristic of the pres- 
sure of caesium vapour. The work function of the tungsten is lowered by 
the adsorbed caesium, in fact this lowering is proportional to the surface cov- 
erage, and if p sinks below 3.9 volts the caesium will no longer lose electrons 
to the substrate and will in consequence evaporate as atoms. We thus visu- 
alize the presence of adatoms and adions (or variable polarizable dipoles) 
at the surface and such polar structures will exert electrical interaction on 
one another and surface diffusion as a result will be relatively rapid. Lang- 
muir, in fact, proposed a two dimensional diffusion equation in the form 
D =} dv where A was the mean free path of diffusion and calculated the 
diffusivities over a range of temperatures. He also brought forth evidence 
for the existence of two states in a monolayer of caesium on the tungsten sur- 
face, a state of affairs somewhat analogous to the coexistence of vapour and 
liquid monolayers of fatty acids at the surface of water. 

Since positive ion currents can be measured with great accuracy this pro- 
vides a most sensitive and accurate method for measuring the vapour pressure 
of the alkali metals. The equation connecting the positive ion current with 
the vapour pressure is readily obtained from the kinetic theory to be 


Pp 


i, = ——— which for caesium becomes 


2amKt 
_ 0.367P 


nee: i 


amperes cm-* where p 
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is given in bars. Thus at 24°C the maximum current was found to be 32x 10-* 
amps cm-* equivalent to a vapour pressure of only 0.00166 bar. 

Langmuir also tcok a prominent part in the discussions which were taking 
place in the first decade of the century, con’cerning the nature of valence. The 
concept of a central nucleus and peripheral electrons as the basis of atomic 
structure was becoming well established. Whether the electrons were at rest or 
moving, and whether they had a definite position or orbits relative to the nucleus 
was the kernel of the controversy. There were some beautiful experiments by Sir 
J. J. Thomson on the position taken up by a series of floating magnets on water. 
They repelled each other but were attracted to a central core, and ‘there 
were stable magnet configurations just as in atoms there seemed to be stable 
electron configurations. There arose the octet theory of valence in which 
some of the ideas of G. N. Lewis and Langmuir were joined with those of 
Kossel. Langmuir applied these concepts to a number of problems in the 
field of valency, with remarkable success. Thus he pointed out the remarkable 
similarity in properties of carbon dioxide and nitrous oxide. This was due to 
their isosteric structure in containing the same number and arrangement of 
the valency electrons. Whilst the development of quantum mechanics and the 
orbital theory has relegated the static atom to the museum of bygone concepts, 
yet Langmuir’s postulates are still valid. The types of valency bonds which 
he promulgated co strencusly now find their place in the modern dynamics 
of molecular structure. 

The ramifications of Langmuir’s concept of monolayers and their reactions 
are surprisingly great, whilst they follow one another in what now is seen to 
be a logical sequence. Yet each step represented a new page of a book devoted 
to a new and unexpected world of chemistry. Not only is his work characteri: ed 
by novelty but also by the directness of the methods of approach and the inherent 
simplicity of the experimental methods. In addition to these attributes no 
reader can fail to have noted his contributions to the electrical industry. The 
gifts of scientific discovery and the possibilities of industrial application are 
normally divergent and to find them so successfully integrated in one man 
serves to render tha name of Irving Langmuir unique. 


Eric K. RIDEAL 
February 20, 1960 
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OF LANGMUIR 


BY Pror. P. W. BRIDGMAN 


IT Is not easy to separate Langmuir’s work into physical, chemical, and 
engineering components, but all three are intertwined with an intimacy not 
often exhibited in the work of other scientists. Langmuir’s professional training 
was as a chemist, and it was technically for work in “‘chemistry” that he was 
awarded the Nobel prize. However, as Langmuir frequently insisted, there 
is no longer any vital distinction between physics and chemistry. The field 
of classical physics was the field of “long range” forces, of which the inverse 
square forces of gravitation and electrostatics are typical, whereas chemistry 
traditionally deals with ‘“‘short range” forces, which become negligible at 
greater than atomic distances and which drop off with distance much more 
rapidly than as the inverse square. But now nuclear physics is dealing with 
still shorter range forces, inside the atom, and the distinction between physical 
forces and chemical forces has become academic. Langmuir busied himself 
with what interested him, not pausing to ask whether it was physics or chemistry. 
This catholicity of Langmuir’s interests presents a genuine quandary to the 
commentator asked to comment on the physical aspects of his work. In the 
following I shall be concerned in one way or another with almost all that he 
did, omitting only such work as the details of his octet theory of chemical - 
valence, which by common consent would be recognized to be of more exclusive 
chemical interest. 

In addition to physics, chemistry, and engineering, Langmuir had a keen 
interest during his whole life in the subject of mathematics, doubtless stimulated 
by the lectures which he attended at Géttingen under Felix Klein on mathe- 
matics in general, as distinguished from any of the recognized specialized 
branches of mathematics. He has spoken of these lectures with great appre- 
ciation. This educational experience under Klein gave him confidence for all 
his future work, and he never hesitated to apply mathematical analysis to the 
most complicated physical or engineering problem and he was always able 
to make it yield informative results. 

Perhaps the one most striking feature of Langmuir’s scientific thinking was 
the vividness and confidence with which he reduced phenomena to their molecular 
and atomic terms. Atoms and molecules were for him a living reality, and 
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his scientific power largely stemmed from this habit of thought. For many 
years the major topic of Langmuir’s work was vacuum tube phenomena; 
here ability to think vividly in atomic terms is almost essential, and Langmuir’s 
spectacular success was in large degree due to it. In fact, his whole life work, 
probably by more or less conscious choice, was largely in fields amenable 
to handling in vivid, concrete, discrete terms, and he seldom concerned him- 
self with subjects which demanded more nebulous abstract forms of thought 
as is characteristic of much of recent quantum theory. Langmuir did in fact 
make one brief foray into the field of quantum theory, with his theory of “quan- 
tels” in the spring of 1920. Characteristically, his ‘“‘quantels” were discrete 
concrete visualizable entities, but wave mechanics does not lend itself to such 
sharpness and after a brief interval the theory was abandoned, apparently 
leaving no trace in any written record, and remembered only by the present 
writer who was present at his enthusiastic first presentation. Even when dealing 
with situations controlled by the general principles of thermodynamics, and 
Langmuir often used these principles in his analysis, as, for example, in applying 
the Gibbs equation to the analysis of contact potentials, he nevertheless found 
the more concrete picture of kinetic theory more congenial, and was seldom 
satisfied until he could cast his analysis into atomic or electronic terms. It is 
his lively concern with the individual atom and molecule that gives all his 
work, even that ostensibly in pure chemistry, a strong slant toward physics. 


His first published work, his Doctor thesis under Nernst at Géttingen in 
1906, although not concerned with vacuum phenomena, nevertheless presented 
many of the features which were prominent in his later work in this field. 
His thesis dealt with the dissociation in various gases produced by hot pla- 
tinum wires or the Nernst glower. He found two reactions, the dissociation 
of H,O and CO, which, on the surface of hot platinum, proceeded to practic- 
ally equilibrium conditions. It was further found that the equilibrium condition 
was carried away, practically without change of composition, by the gas as 
it diffused rapidly away from the hot surface, thus permitting an analysis 
of the gas under conventional conditions at lower temperatures. In the first 
gaseous reaction which Langmuir studied, the dissociation of NO, this simple 
state of affairs was not attained and study of this reaction was temporarily 
abandoned. In justifying the simplified picture of the phenomena for H,O 
and CO,, Langmuir had to study and evaluate the transfer of heat from hot 
surfaces by convection and conduction in the surrounding gas, factors which 
were to be the subject of much more searching analysis in his later work. He 
also had to make an elaborate study of the accuracy with which the temperature of 
the platinum wire could be deduced from its resistance. Although the general 
topic of the thesis would conventionally be classified as chemistry (dissociation 
in gases), and although some use was made of the chemical formulas for mass 
action, nevertheless nearly all the manipulations and the details of the analysis 
would be classified as physics. 
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In Langmuir’s next paper, a completely theoretical paper written in 1908 
during the brief time he was at Stevens Institute before taking up his life- 
long association with the General Electric Company, he made an elaborate 
mathematical analysis of the effects of diffusion and convection in a stream 
of reacting gas rapidly passing through a tube heated to high temperature. 
In this paper he revealed the instincts of the engineer as well as of the physicist 
and chemist, in that he was careful to throw his results into such numerical shape 
that they would easily yield quantitative results when applied by other exper- 
imenters under easily reproducible experimental conditions. 

Langmuir’s next paper, Thermal Conduction and Convection in Gases at 
Extremely High Temperatures, appeared only after the lapse of three years, 
in 1911. It was during these three years that he established his permanent 
connection with General Electric, in the experimental laboratory recently 
established by W. R. Whitney, under conditions unique for industry at that 
time, and which Langmuir has referred to as offering more than “academic” 
freedom. The 1911 paper was followed after a brief interval by two further 
papers on a similar topic, all three papers being natural extensions of his thesis. 
In the first of these papers he carried to a conclusion the incompleted work 
on the dissociation of NO begun in Nernst’s laboratory. He substituted a 
tungsten filament for the Nernst glower, found the abnormally accelerated 
heat loss from tungsten in hydrogen, and was led to the concept of dissociation 
of molecular into atomic hydrogen at high temperatures, a phenomenon which 
later was to receive a most important industrial application in the hydrogen 
welding arc. In the second paper he made an elaborate study of the mechanism 
by which heat is conveyed to the surroundings from an incandescent wire, 
and came to the conclusions that the heat lost by pure radiation is compara- 
tively unimportant, and that the total loss is approximately as if the wire were 
surrounded by a film of stationary gas through which heat is transported 
by pure conduction. He gave extensive tables by which the heat loss could 
be computed numerically in a number of cases of engineering importance. 
In the third paper, with the same title as the second, Kenneley’s data for 
the heat lost from hot wires in a gas were subjected to an analysis from which 
the conclusion was drawn that Kenneley’s experiments are consistent with 
the mechanism of heat loss by pure conduction proposed in the second paper. 

In his next paper (his No. 7, 1912) the study of dissociation in heated gases 
was pushed further, adding other gases to hydrogen, which still remained the 
principal object of study, and extending the measurements to much lower gas 
pressures. A special analysis was made of the modification in the processes of 
conduction and diffusion to be expected when these take place simultaneously 
with dissociation. It is here that Langmuir’s interests began to broaden, at 
first to other phenomena presented by the operation of vacuum tubes, more 
especially vacuum tubes as employed in electric lamps, but|later extending to all 
the complicated phenomena of electric discharges in gases and in high vacuum 


III Langmuir Memorial Volumes I 


Google 


xxxiv Some of the Physical Aspects of the Work of Langmuir 


A second paper, essentially contemporaneous with the last, described 
various ‘‘clean-up” phenomena induced by the presence of atomic hydrogen. 
At about the same time another aspect of the clean-up phenomena was inves- 
tigated, namely the: clean-up of oxygen on the surface of hot tungsten in the 
absence of hydrogen. In this paper much progress was made on the technical 
methods of completely out-gassing vacuum tubes, something vital for all future 
work with high vacua. A systematic study of the effect of varying a number of 
factors, combined with an analysis full of physical insight, led to the conclusion 
that the oxygen molecules which strike the surface of hot tungsten do not imme- 
diately combine with the tungsten to form the oxide WOs, but that there 
is an intermediate state in which the oxygen atom acquires a negative charge 
by combining with an electron taken from the body of the tungsten. There 
is also in this paper an anticipation of the idea of the surface film only one 
atom or one molecule thick, which was later to play so important a role in 
Langmuir’s theorizing. In this paper he comments on the excessive thinness 
of the surface films of adsorbed gas. 

In these various papers it is interesting to see how coming events cast their 
shadows before and control is being acquired of the various factors which 
were to prove pertinent in the solution of the problem of the more efficient 
incandescent lamp. But at the same time other practical problems were in 
the back of Langmuir’s head, as shown by the three papers, Nos. 10, 11, 
and 12 of 1913. The first of these, although it is entitled “‘Laws of Heat Trans- 
mission in Electrical Machinery” has practically no concern with any specific 
machine, but is rather an exposition of the physics of the transfer of heat by 
radiation, conduction, and convection, with a special view to the conditions 
which the engineer is likely to encounter and with no new experimental material 
except that contained in the preceeding papers. It would appear that Langmuir 
must have written this paper to satisfy his conscience with regard to his affil- 
iation with an industrial concern. In the next paper he pushes the analysis 
further under conditions likely to be of practical interest, and adds new experi- 
mental material by determining heat loss from flat bodies in addition to that 
from cylinders and spheres. The temperature range is extended to 600°C, 
and the fact is confirmed that the chief loss is by conduction through a thin 
film of gas in immediate contact with the heating element. In the. discussion 
of the paper Dr. Whitney referred to the work as “‘Bahn-brechend”. The 
next paper deals with the flow of heat through furnace walls. An ingenious 
method of supplementing the mathematical calculations was used, in which 
the lines of heat flow were determined with a model from the lines of equi- 
potential in an electrolyte carrying an electric current. 

Another paper in 1913 continued the study of clean-up in lamps with an 
investigation of the chemical clean-up of nitrogen. It was found that chemical 
combination of tungsten with nitrogen takes place only in the vapor phase, 
and that every atom of tungsten when it collides with a nitrogen molecule 
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combines with it chemically to form the compound WN,. In establishing this 
result it was necessary to study the vaporization of tungsten in detail. Preli- 
minary values were found for the rate of vaporization, and from this, by the 
use of kinetic theory, the vapor pressure and the heat of vaporization. The 
same methods were later to be extended to yielding improved values for tungsten 
and also for a number of other metals. It was also found that the rate of evap- 
oration of tungsten is materially reduced in the presence of gaseous nitrogen 
at a pressure greater than 2 mm. 

This was all obviously preparing the way for one of Langmuir’s most im- 
portant inventions, the nitrogen filled tungsten lamp, which is described in 
another paper of 1913. The first part of the paper established the fundamental 
facts: (1) that in the absence of water vapor the blackening of the bulb which 
limits the life of the lamp is due to the condensation of tungsten vapor on the 
glass, contrary to the usual opinion that it was due to residual gases, (2) that the 
rate of vaporization of tungsten is very greatly reduced in nitrogen at atmospher- 
ic pressure, and (3) that the convection currents in nitrogen offer the means 
of controlling the place of deposition of the tungsten film so that the blackening 
which does occur takes place in localities where it will not interfere with the 
light transmission of the bulb. In the second part of the paper the principles 
enunciated in the first part are applied to the construction of lamps of 
various sizes. Among other things, the superior efficiency of filaments of 
large diameter was recognized, resulting in the ‘familiar helically wound 
filaments. 

Another paper in 1913 pursues further for its own sake the investigation 
of the vaporization of tungsten. Vapor pressures have to be obtained indirectly 
from rate of evaporation, by weighing the filament, and by application of kinetic 
theory. The assumption is made that when a tungsten atom strikes the surface of 
solid tungsten coming from the vapor phase there is no specular reflection, but 
all impinging atoms are adsorbed for a longer or shorter time. This assumption 

“is justified experimentally. The experimental range is 700°, from 2400° 

to 3100°K. Tables and diagrams exhibit the results over this range and also 
by extrapolation to temperatures above and below the experimental range. 
Extrapolated values are found for the melting and boiling points. 

Another paper, No. 17, also in 1913, is the first in which Langmuir was 
getting ready to approach the whole subject of electrical discharges through 
gases or vacua, as distinguished from the much more restricted phenomena 
in Jamps, where the current is conducted through a sold and the surrounding 
gas or vacuum is more or less incidental. Characteristically, he started with 
a study for its own sake of the fundamental physical phenomena. The title 
of this preparatory paper is: The Effect of Space Charge and Residual Gases 
on Thermionic Currents in, High Vacuum. At that time the discovery by 
Richardson of thermionic emission was not many years old. A number of exper- 
imenters had found results so divergent and apparently inconsistent that 
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a sceptical feeling was growing that there was no such thing as a true 
Richardson or thermionic emission, but that all the apparent effects were due 
to more or less complicated secondary chemical reactions. Langmuir intro- 
duced order into the situation and saved thermionic emission for physics. 
The most important new consideration that he introduced was that under 
the conditions of many of the experiments the electrons thermionically emitted 
accumulate in the space surrounding the emitter, and thus give rise to an 
electric field which inhibits normal emission. This is the “space charge” effect, 
an effect which is absolutely fundamental to the understanding of all sorts 
of electrical discharge. The magnitude of the space charge can be worked out 
mathematically, since the field where there is a space charge is controlled 
by Poisson’s equation. Langmuir carried through the mathematical analysis 
for electrodes of various shapes and showed in detail that the space charge was 
adequate to account for the very much decreased emission actually obtained 
as compared with that to be expected from an uncorrected application of 
Richardson’s equations. There were also other factors which obscure the 
measurement of the true thermionic emission which are much more important 
than had been appreciated. Chief among these was the necessity for completely 
freeing the anode from gaseous contamination by drastic electron bombard- 
ment or by prolonged heating at elevated temperatures. 

A final paper from the very productive year 1913 is a note describing a 
vacuum gage of greatly increased sensitivity compared with the conventional 
McLeod gage. Some such gage was demanded by the extremely high vacua 
necessarily employed in thermionic emission investigations. In this gage the 
viscous drag exerted by a gas between two disks rotating with respect to 
each other deflects one of the disks suspended from a long torsion fiber 
and so indicates the vacuum. 

We next consider three papers, numbers 22, 25 and 37, published in 1914, 1915 
and 1917, dealing with the dissociation of hydrogen into atoms. The object 
of these three papers is to straighten out the entire question of the dissociation 
of hydrogen at high temperatures, an effect which had been encountered often 
in his earlier work and which had been dealt with in a preliminary way. Exper- 
imentally the subject is made difficult by the fact that the degree of dissociation 
has to be obtained by indirect methods. The fundamental physical fact is 
that above a certain critical temperature tungsten filaments heated in hydrogen 
begin to lose heat much more rapidly than would be extrapolated from the 
loss at lower temperatures and much more rapidly than in other gases. The 
excess loss is ascribed to dissociation and the problem becomes to evaluate 
the degree of dissociation in terms of the heat loss. Langmuir’s preliminary 
results had given heats of dissociation and degrees of dissociation almost certain- 
ly too high as compared with results obtained by other experimenters by other 
methods. Langmuir’s present analysis of this problem is a fine example of the 
vividness of his thinking in mechanistic, atomic, terms, and of the power 
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of this method for problems of this type. The first paper is concerned almost 
exclusively with presenting the experimental results in form suitable for use 
in the subsequent calculations. The second paper analyzes in detail the oper- 
ation of the various atomic and kinetic mechanisms. These mechanisms involve 
the details of the dissociation process. Since there is no direct evidence as to 
what these details are, Langmuir was driven to making a number of plausible 
assumptions from which he chose those agreeing best with experiment. The 
final picture arrived at in the second paper was that dissociation takes place 
in the body of the metal, hydrogen molecules being absorbed into the body 
of the metal, where they rapidly attain dissociational equilibrium, and diffuse 
out of the metal as atoms. The theory was checked by some new experiments 
on heat losses in an atmosphere of mixed hydrogen and nitrogen. I have the 
impression that few physicists would have been able to keep their eyes 
on the distant goal through the intricacies of an analysis as complicated 
as this. 

In the third paper, two years later, the whole picture is radically altered 
on the basis of considerations which had not previously entered. Langmuir 
now realized that diffusion of dissolved molecules and atoms within the solid 
metal could not possibly be fast enough to account for the rapidity with which 
equilibrium is reached, and that some form of surface action is necessary. 
It was found that the new picture agrees with the experimental results that 
are accessible to measurement as well as the former picture. We have here 
a rather striking demonstration of the fact, well-known to logicians of the 
sciences, that from the success of the predictions of a theory one can not certainly 
infer the correctness of the theory itself. 

A realization of the importance of processes taking place on surfaces was 
being gradually impressed on Langmuir from his other work, particularly 
his studies of the effect of varicus gases on thermionic emission, and concern 
with surface processes was to prove one of Langr.uir’s strongest leit-motifs 
through the rest of his life. Applied to the present situation the picture that 
Langmuir finally arrived at was that at high temperatures only a comparatively 
small part of the total tungsten surface is covered with hydrogen, and that 
within this part equilibrium between molecular and atomic hydrogen is attained 
with great rapidity. At low temperatures a much larger fraction of the total 
surface may be covered with a monomolecular layer of hydrogen. 

Going back to the year 1914 we find a paper extending experimental meth- 
ods previously used with tungsten to give the rates of evaporation, heats of 
evaporation and vapor pressures of molybdenum and platinum. In the next 
year the same experimental techniques are naturally extended to give the 
melting parameters of tungsten. The method involves the optical properties 
of black body radiation, and yielded a value for the melting temperature some 
300°C higher than some of the best previous estimates. 

A 1915 pzper, Chemical Reacticns at Low Pressures, is of great interest 
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as foreshadowing much of Langmuir’s future work on surface chemistry. 
A couple of quotations are significant in.this respect. “Very few experimenters, 
however, have realized that by working with gases at extremely low pres- 
sures the experimental condition may be enormously simplified and the veloc- 
ity of the reaction is then much more intimately related to the behavior of 
‘the individual molecule than it is at higher pressures. In fact, by working 
continually with gases at low pressures, one soon acquires an entirely new 
point of view and sees almost daily fresh evidences of the atomic and molecular 
structure of matter. The kinetic theory of gases then becomes the great guiding 
principle .”...‘‘ — we must consider the reaction velocity to be limited, not 
by the rate of diffusion through the adsorbed film, but rather, by the rate 
at which the surface of the metal becomes exposed by the evaporation of single 
molecules from an adsorbed layer one molecule deep.” These ideas were 
applied to a detailed analysis of the reactions of hydrogen, oxygen, nitrogen, 
chlorine and carbon dioxide in the presence of hot tungsten, molybdenum, 
platinum and carbon. Several distinct mechanism taking part in these reactions 
were uncovered; (1) the metal may be directly attacked by the gas, (2) the 
gas may react with the metallic vapor, (3) there may be catalysis at the metal 
surface, (4) electrical discharges through the gas, ionizing it, may affect the 
reaction. In all the analysis a fundamental idea is that it is often only a small 
part of the total metal surface that takes part in the reaction, the part covered 
by a mono-molecular layer of adsorbed gas. 

A fourth and final paper on chemical reactions at low pressure was published 
out of chronological sequence with the others, in 1919 after the war, although 
the experimental work was done at the same time, in 1913 and 1914. The topic 
of this paper is the spectacular difference between the clean-up phenomena 
of nitrogen in contact with molybdenum and in contact with tungsten. The 
finally developed theory which explains all the effects is that the reaction 
between nitrogen and molybdenum takes place in two distinct stages, the 
relative importance of these two stages being differently affected by variations 
of pressure and temperature. 

Another 1915 paper applies to the engineering problems of radio telephony 
and radio telegraphy the principles of thermionic emission as limited by space 
charge which had been previously established on a purely scientific basis. 
Two new tubes operating in high vacuum are the result, the kenotron for 
rectification and the pliotron for amplification. The latter is a three electrode 
tube, with controlling grid of very fine wires, in general mechanical construction 
much like the previously developed audion of Lee DeForest. The operation of 
the audion, which was gas-filled, depended on entirely different principles 
from the pliotron. Langmuir emphasized that the chief advantage of the new 
high vacuum instruments was their constancy and controllability of operation. 
In the discussion, DeForest expressed extreme scepticism with respect to the 
advantage of the new development. Heze is an interesting example of the 
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difference which sometimes occurs between the intuition of the engineer and 
of the pure physicist. 

At about the same time, in 1916, there was a highly practical paper, in 
which a preliminary study was made of those characteristics of tungsten filaments 
which enter into the operation of lamps. Numerical tables and equations were 
given to facilitate the design of lamps with any specified properties. This 
paper was followed eleven years later, in 1927, by a second paper, with Jones, 
with the same title, in which a very much more elaborate study was made 
of all the properties of tungsten filaments which enter into their functioning 
in lamps, radio tubes and other scientific and engineering devices. Exhaustive 
numerical tables and equations were given. The method is to exhaustively 
characterize a fictive ‘“‘idealized” filament, and then to give the various correc- 
tions to be applied in practice, such, for example, as the loss of heat through 
the lead-in wires. A new feature was an analysis of the transient effects while 
a steady state is being set up. 

Several later papers are so close to the above that they will be mentioned 
here, although out of chronological order. There is a paper in 1930 with McLane 
and Blodgett in which the effect of end losses is elaborately treated with many 
tables and equations. “Long” filaments and “short” filaments are treated 
separately, both on a basis largely empirical. There is a short paper with Blodgett 
in 1934, in which the best design of springs is considered to hold filaments 
taut through the wide temperature changes to which they are subject. In 1935 
there were two papers with J. B. Taylor in which the analysis of the operating 
parameters was extended to the new low temperature range below_600°K 
which had recently become of practical importance because of the growing 
use of thoriated filaments coated with caesium. Again elaborate tables are 
given suitable for use in practical design. 

Turning back now to 1916, we come to one of Langmuir’s most genial 
and important inventions, the mercury high-vacuum pump, which has com- 
pletely revolutionized high vacuum technique and which has immeasurably 
accelerated progress in this whole field. The new pump was described in a brief 
preliminary note in the Physical Review and a much more detailed paper in 
the Journal of the Franklin Institute. What Langmuir essentially did was 
to take Gaede’s mercury diffusion pump, which was merely a glorified aspi- 
rator, and by a characteristic application of first principles increase the perfor- 
mance by a factor of cne hundred. The pump operates by entrapping the 
gas to be evacuated in a blast of mercury vapor, which then, together with 
the entrapped gas, is made to condense by impinging on a cold surface. In this 
way diffusion back into the vessel being exhausted is prevented. The pump 
is often referred to as a “condensation” pump. Successful construction and 
operation demands the control of various critical dimensions and the use of 
unprecedently wide connecting tubing together with liquid air traps for con- 
densation. This latter feature would have made general use of the pump 
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impossible at an earlier stage in technology before liquid air was generally 
available. 

Another paper, No. 41, from the prolific year 1916, advanced further Lang- 
muir’s study of phenomena at the interface between solids and vapors. This 
paper was occasioned by a paper of R. W. Wood, who interpreted some of his 
own experiments on the behavior of mercury vapor impinging on a glass plate 
at liquid air temperature as meaning that at liquid air temperature all the 
impinging atoms are adsorbed on the glass surface, whereas at room temperature 
they are all reflected. Langmuir’s interpretations of this experiment of Wood’s, 
as well as of many of his own, is that condensation is always practically total 
when a metal atom impinges on a surface of its own solid, but that at higher 
temperatures re-evaporation may, in many cases, be so rapid as to simulate 
instantaneous reflection. The phenomena were recognized to be complicated 
in general and to vary with the temperature and the nature of the impinging 
atoms and the nature of the surface. With the permanent gases reflection 
occurs in general oftener than with the metals, but in no case is reflection 
complete, and in fact it never rises above 90 per cent. R. W. Wood did not take 
Langmuir’s critism lying down, but made some new experiments with cadmium 
to prove his contention. Langmuir in a second paper in 1917 repeated Wood’s 
new experiments with cadmium, contributed some new ones of his own, and 
remained of the same opinion. 

Two papers with the same title, The Constitution and Fundamental Prop- 
erties of Solids and Liquids, in 1916 and 1917, were written while Langmuir 
was under the spell of two of the lectures in this country by W. H. Bragg 
describing the recent epoch-making work of father and son on the X-ray 
structure of crystals. Langmuir was impressed by the significance of this work 
for the whole subject of chemistry. Perhaps the most fundamental insight 
that Langmuir received from these lectures is that there is really no distinction 
between chemical and physical forces when dealing with matter on the atomic 
or molecular level. At that time Langmuir chose to express this by saying 
that all forces are eventually chemical in nature, but we have seen that later 
he dropped any attempt to make a fundamental distinction. At any rate, both 
chemist and physicist could now agree that solids and liquids must be regarded 
as one giant molecule, and that molecular phenomena in the traditional sense 
are mostly confined to vapors and gases. Langmuir gave his own characteristic 
twist to his new insight by exploiting his chemical knowledge of the behavior 
of liquids and solids to make it give information about the physical properties, 
such as thermal conductivity and surface tension. He found the new insight 
consistent with the fact emphasized in the preceding paper, namely that when 
the molecules of a vapor impinge on a solid surface they are at first nearly all 
adsorbed, and leave the surface only later, after they have, in most cases, reached 
thermal equilibrium. He also showed that it is to be expected that the surface of 
a solid is the locus of especially intense activity, as is found experimentally. 
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The second, 1917,"paper, dealing primarily with liquids, is of great impor- 
tance and foreshadows much of Langmuir’s future work. In the first part of 
the paper he has not yet given up his endeavor to find a real distinction between 
chemical and physical forces. He proposes that the latter are symmetrical 
about the atom or molecule and can often be adequately reproduced by an 
inverse power law. Chemical forces, on the other hand, may be strongly direc- 
tional, and may be intensely localized in parts of the surface of the molecule. 
This distinction, however, played no vital role in any of Langmuir’s analysis, 
and he later abandoned any attempt to make it. The concept that there are 
highly localized forces in different parts of the surface of the molecule, however, 
played a dominating role in all his later considerations. At a surface where 
there are adsorbed molecules, these localized forces may produce strong orien- 
tation effects. He was thusled totheconcept of surface tension asstrongly dependent 
on forces conventionally called chemical. This was a point of view at which W. D. 
Harkins had also arrived practically simultaneously, and this was at first some 
duplication of effort. It was now that Langmuir began his classical work on 
oil films on water, a subject which had been studied earlier by Lord Rayleigh, 
among others, but to which Langmuir contributed new techniques and new 
insights. Rayleigh already saw that the phenomena of thin surface films involve 
the discrete molecular structure of any surface contaminant, and cannot be 
explained in terms of any continuous distribution of matter. Rayleigh’s work had 
been extended by Devaus, and between them they had come to the concept of 
surface films only one molecule thick. Langmuir greatly extended this work by 
investigating the phenomena with molecules which depart greatly from spherical 
symmetry, as in some of the long chain hydrocarbons, or which exhibit strongly 
differentiated chemical activity in different parts. He arrived at the concept of 
hydrophobic and hydrophilic parts of the same molecule. If the hydrophilic 
parts are located on the ends of the chains, the molecular film consists of chain 
molecules all standing on end on the water surface, with their lower ends 
adsorbed on the surface, and the other ends little affected by the neighborhood 
of the water. In this way we have a surface tension with numerical value nearly 
independent of the molecular weight of the oil. The properties of the surface 
film pass through a critical stage when all the molecules are so closely crowded 
together that they are standing on end. By a study of the variation of surface 
tension with film thickness Langmuir was thus able to estimate the cross section 
of the molecule perpendicular to the length of the chain. 

Langmuir’s scientific work was seriously interrupted somewhere along 
here by his contribution to war work. There is no explicit mention of it in any of 
his scientific papers, so that it may be assumed that whatever it was, it did not 
result in any purely scientific contributions or in any new insights. One can only 
infer indirectly that there was such an interruption from the record of his pub- 
lished papers: 11 in 1916, 3 in 1917, 2 in 1918, and 6 in 1919. There is one 
oblique reference to this period by Langmuir himself. In his book Phenomena, 
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Atoms, and Molecules, he refers on page VII of his introduction to “Submarine 
Detection By Use of the Binaural Effect.” As far as I can find there is no other 
reference in the book. Of my own personal knowledge, however, I know that 
during the early days of the war Langmuir was interested in a simple device 
called the C-tube for the detection of submarines. This was an arrangement 
that could be let down over the side of a small surface boat, incorporating 
two acoustical receivers in the form of rubber bulbs, mounted at the end of 
the arms of a T-shaped frame, each receiver being connected by tubing to 
the right or left ear. By rotating the frame, the apparent location of any under- 
water source of sound changed from one side to the other by the “‘binaural” 
effect, thus affording a means of locationg the direction of the source. It is 
also known that during at least the first part of the war Langmuir was associated 
with the Nahant Station of the Submarine Signal Company in their work 


on the problem of submarine detection. 
Returning now to his scientific work, there is in 1918 another paper on 


surface action, a quantitative study of the adsorption of a number of gases 
on surfaces of mica, glass and platinum. The phenomena are excedingly compli- 
cated, as is to be expected, because here we have the action of primary or secondary 
chemical forces, together with crowding effects when coverage of the surface 
approaches a mono-molecular layer. In platinum the pre-history of the surface 
is involved and the phenomena of “‘activation”. 

His second 1918 paper foreshadows later concern with meteorological 
phenomena. He shows that an apparently paradoxical result of Harry Morse 
with regard to the evaporation of small spheres of iodine can be explained 
by the fact that evaporation is not controlled immediately by conditions at 
the surface, but by diffusion through a layer next the surface which is much 
thicker than the radius of the sphere. 

After his return to scientific activity after the war, he wrote a short paper 
on the industrial method of separating ores by flotation. Here the finely crushed 
ore is brought into contact with a froth of oily water. Langmuir showed that 
separation takes place by surface action in the bubbles controlled by the same 
principles that he had been investigating. This paper also contains a useful 
summary of the high lights of all his previous work with films. 

In the two or three years after the end of the war Langmuir was largely 
occupied with his “‘octet” theory of chemical valence. This theory was built on 
ideas about the electronic structure of atoms perhaps originally due to Kossel 
and much elaborated by G. N. Lewis. Langmuir carried it through in great 
detail, and applied it to a wide range of materials, often with great succes. 
However, since the immediate and ostensible interest of these papers is chemical, 
I shall attempt no detailed description. One general comment may, however, 
be made. It seems to me that in his octet theory of valence, Langmuir pushed 
to its legitimate limit, and perhaps even exceeded that limit, his extraordinarily 
vivid way of looking at things in terms of completely articulated mechanistic 
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detail. Now inside the atom, where the uncertainty principle rules and the 
electron has lost its individuality, this concrete picture must ultimately fail. 
Mathematical insight, with its probability amplitudes, takes over, and chemical 
valence becomes the sort of thing that it is in Pauling’s treatment of valence 
as a resonance phenomenon. It would appear that Langmuir recognized that 
he was getting into continuously less congenial territory, because after the 
first burst of papers, here collected into Chapter I of Volume V, and after 
the unpublished foray into quantum theory in 1920 already referred to, he 
discontinued work on the structure of the atom and returned to his work on 
molecules, particularly the more complex molecules, which are large enough 
to permit fruitful treatment from a mechanistic point of view. 

Another paper in 1920 considers another aspect of chemical action. The 
opinion had been expressed that no chemical reaction occurs until the molecule 
has been activated by radiation. The basis of this opinion was the similarity 
between the Arrehenius equation for the velocity of chemical reactions and 
the fact that monomolecular reactions have a velocity independent of pressure. 
Langmuir showed, by study of a number of typical reactions, that this cannot 
possibly be the case, the optical absorption not being at the proper wave length 
and the energy of activation being altogether too high. The similarity of the 
two laws is due to the fact that both involve probability processes — the energy 
of activation of monomolecular reactions derives from the internal energy 
of the molecule. 

1921 marks the first of the public addresses which Langmuir gave more 
and more frequently in response to insistent demand. This was a talk at the 
tenth anniversary celebration of the Chemists’ Club of New York. Langmuir 
describes recent work of Bohr on the structure of the atom, urges the chemist 
to make himself more familiar with the methods of physics, and foresees the 
day when it will be possible to calculate all the properties of substances more 
accurately than they can be directly measured. T his latter optimistic expectation 
has not yet been realized, although we are measurably closer to it, in large 
part because of the work of Langmuir himself. 

In 1922 there was a long presentation to the Faraday Society of experi- 
mental results obtained during the previous six years on the catalysis of oxygen, 
hydrogen and carbon monoxide on the surface of platinum. Chemists have bzen 
inclined to invest the whole subject of catalysis with mystery, and Langmuir 
endeavors to dispel the mystery. He is able to explain all the complicated 
facts with the physical concepts of layers of adsorbed atoms or molecules 
one unit deep, which may occupy only a fraction of the total metal surface, 
and reaction rates governed by the frequency with which collisions occur 
between the molecules as predicted by the kinetic theory of gases. 

A paper of 1922, Use of High-Power Vacuum Tubes, describes the engineer- 
ing developments by which the purely scientific principles unravelled in 
many of the preceding papers are applied to the construction of power tubes 
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for transatlantic radio and other industrial uses up to as much as 1000 Kw, 
representing an increase of more than a million-fold compared with the first 
experimental tubes. This pa per affords a most striking example of the fruitful 
symbiosis of pure science and engineering. 

A paper in 1923 with Kingdon, most important for future applications, 
describes the complicated way in which caesium modifies the thermionic 
emission from tungsten. The adsorbed caesium may function in one of two 
distinct ways, depending on the fraction of the total surface covered. Under 
proper circumstances caesium atoms colliding with the surface are strongly 
ionized, and the resulting positive ions may play an important part in the 
phenomena. Measurement of the current carried by the ions is found to afford 
one of the best methods for determining the vapor pressure of caesium. 

In a closely following paper in 1923, the reduction to engineering practice 
of the design of tubes utilizing thermionic emission is carried still further. 
Langmuir combined unpublished mathematical analysis of ten years previous 
by E. Q. Adames with more recent analysis by Epstein and by Fry to give 
extensive numerical tables for cases of interest to the designer. 

Two other papers in 1923 deal with the conduction mechanism in the 
mercury arc. Schottky had suggested that the current is carried by electrons 
liberated by the photo-electric effect. It was Langmuir’s theory that on the 
contrary the current is carried by positive ions. He supported this theory by 
experiments with tubes of different designs and dimensions with auxiliary elec- 
trodes situated at various places, and was able to give direct proof that the 
number of electrons released in such tubes, whether by photo-electric effect 
or by ion bombardment, is negligible. 

A paper with Kingdon in 1923 is the first of several dealing with positive 
ions and their mode of functioning in discharge tubes. In this paper the way 
in which ions of various gases knock off thorium atoms from the surface of 
tungsten is studied. Since the thermionic emission of thorium on tungsten 
is 100,000-fold greater than that from pure tungsten, a study of thermionic 
emission offers a sensitive means of finding the extent of tungsten surface 
covered by thorium atoms, and hence the effectiveness of ion bombardment 
in sputtering off adsorbed thorium atoms. The effects are not simple and 
suggest the cooperation of more than one mechanism. It is probable that 
impacting ions of some gases produce mechanical pits in the tungsten surface. 
This, however, is not the case with helium atoms, which seem able to penetrate 
deeply into the metal and to be absorbed there. 

In a paper in the Journal of the Franklin Institute in 1923, Langmuir 
explains the excess of pressure at the anode in discharges of high current 
density in monatomic gases as due to a difference in the collision mechanism 
of ions and electrons with the walls of the tube. In a paper in Science in 1924, 
Langmuir describes a simple form of vacuum tube without grid which permits 
detailed study of ionization phenomena. It appears that ionization takes place 
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by a primary process by which atoms are excited by collisions with electrons, 
and a secondary process by which the excited atoms ionize other atoms either 
by collision or radiation. The accompanying condition of the electrons is 
most complicated, for they occur in at least five recognizably different classes. 
Langmuir’s conclusions are at variance with some recent conjectures of Fowler. 

In a Physical Review paper in 1925 on the scattering of electrons in ionized 
gases, Langmuir recognized three groups of electrons scattered by the ions. 
These groups all show Maxwellian distribution of velocity corresponding to 
temperatures higher than the equilibrium temperature with the surrounding 
gas, the equivalent temperature of the highest group being 60,000°C. For 
several years it was an ou‘s‘an ding puzzle with Langmuir to find the mechanism 
which would account for these velocities and their Maxwellian distribution. 
In the present paper he showed that there was no conceivable collision mech- 
anism which would account for it, and suggested that the explanation might 
involve collisions with a cloud of radiation quanta, by a kind of Compton 
effect. At the Como Congress in 1927 the principle theme of Langmuir’s 
contribution was this mysterious high electron temperature, for which he then 
had no explanation, but added the surmise that the mechanism might be a 
reversible one. In two papers in 1928 and 1929, the second with L. Tonks, 
entitled Oscillations in Ionized Gases, Langmuir gets on the track of his final 
explanation. In the first of these papers Langmuir returns to oscillations in the 
tube as a possible mechanism because of the recent experimental discovery 
of such oscillations with frequencies up to 10°. In his very first paper in 1925, 
Langmuir had rejected this as a possible explanation, and in the present paper 
is still inclined to reject it on the ground that the amplitudes are too small. 
But in the 1929 paper with Tonks, in which it is shown mathematically that 
there are standing electric waves in such tubes, this explanation begins to 
appear in a more favorable light. In a later paper with Tonks in 1929 it is 
pointed out that the conditions in the arc are probably unstable, so the oscil- 
lations may very well be the long sought explanation. Finally, in the encyclopedic 
article with Karl Compton in Reviews of Modern Physics in 1932 on electrical 
discharges in gases, Langmuir accepts by implication the explanation that 
the mechanism is electronic oscillations in the plasma, and remarks that these 
oscillations are now “partly” understood as a result of the investigations of 
Langmuir and Tonks. I cannot find that he returned again to this question. 

Going back now chronologically, there was in 1923 a note in Science dealing 
with a presumptive new sort of photo-electric effect by which light of suitable 
wave length throws caesium atoms adsorbed on a metal surface into such 
a state that impinging electrons are elastically reflected. Since I find no further 
reference to this effect in later papers it is probable that some other explanation 
was found. 

Also in 1923, there is a detailed presentation of all the phenomena of electron 
emission from thoriated tungsten filaments, essentially a summary of all his 
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work of the last ten years in this field. Detailed numerical tables are given to 
facilitate practical application of the results. It appears that the principle reason 
for the greatly enhanced emission from a thorium coated surface is not a greater 
specific emission from the thorium atoms, but a secondary effect due to the 
difference of contact potentials. In this paper Langmuir was thinking of part 
of the vaporization of thorium atoms from the tungsten surface as “induced” 
by collision with atoms coming from below out of the solid metal, a concept 
which he later abandoned. 

In 1923 and 1924 there are two papers with Katherine Blodgett in which 
earlier mathematical methods are improved to give results to four figure accuracy 
for the limitations of current due to space charge for cylindrical and spherical 
electrodes, and the results given in tables for application. 

A paper with Kingdon in 1925 analyzes the complicated thermionic emission 
effects in caesium vapor from tungsten filaments either bare or coated with 
thorium or oxygen. The effects are complicated because both the contact 
potentials and the image forces which act on electrons and ions very close 
to the surface vary with the character of the adsorbed film of gas and the amount 
of surface covered. The concept is introduced of an “‘equation of state” for 
the adsorbed film. 

A paper in 1925 in Colloid Symposium Monographs, entitled The Dis- 
tribution and Orientation of Molecules, could have been written by no one 
except Langmuir. In this he returns to his 1916 idea that the molecules in a 
surface film are highly oriented because of the different nature of different 
parts of the molecule, part being hydrophilic and part hydrophobic.In the 
present paper, molecules are supposed to be composed of different parts exerting 
different specific forces on the parts of other molecules. These forces control, 
by a modified Boltzmann equation, the distribution and arrangement of neigh- 
boring molecules, either in the bulk of the liquid or in the surface film. A full 
working out of the details would evidently be of prohibitive complexity and 
would be different for every pair of substances. Langmuir characteristically 
cuts through all the mass of detail and sketches the picture with broad sweeping 
strokes which yield him rough numerical formulas for such properties as the 
energy of mixing of various binary mixtures, surface energies, mutual solu- 
bilities and vapor pressures. These roughly calculated parameters agree surpris- 
ingly well with experiment. A second paper in the same series in 1926 carries 
the same sort of analysis further. 

Papers 103, 104 and 105, in 1925 and 1926, present a classic case history 
of all the steps in the progression from a discovery in pure science to a revolution- 
ary industrial application. The first two papers lay the scientific background, 
starting with Langmuir’s discovery fourteen years previously of the abnormally 
large heat dissipation from an incandescent tungsten filament in an atmosphere 
of hydrogen and its explanation in terms of the dissociation of molecular to 
atomiic hydrogen on the surface of the tungsten. The numerical constants 
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of this dissociation were determined, including the abnormally great heat 
of dissociation. The industrial application arose from the brilliant conception 
of a reversal of the process, by which atomic hydrogen in recombining to 
molecular hydrogen sets free a large amount of heat which can be usefully 
employed for any purpose for which a flame is usually employed, such in 
particular as welding. In the third paper, with R. A. Weinman, the details of the 
industrial application are set forth. Briefly, the method is to blow atomic 
hydrogen out from an arc between tungsten terminals onto the surface to be 
heated on which the atomic hydrogen recombines. The temperatures utilizable 
in this way are higher than attainable by any other chemical process in 
flames. A further paper in 1928 summarizes the same material. 

Papers 107 and 108, the first with Mott-Smith and Tonks and the second 
with Tonks, in 1926, may be described as contributions to the construction 
of tubes adapted to the experimental analysis of discharge conditions, particu- 
larly tubes with grids and small probe electrodes. It is shown how conclusions 
may be drawn about the distribution of velocities among electrons or ions, 
with special consideration of Maxwellian distributions. 

In 1927, in a paper with Mackay and Jones, Langmuir returned to his 
study of thirteen years previously of the evaporation of tungsten, molybdenum 
and platinum. In the meantime an improved temperature scale had been 
established in other laboratories, permitting an improved calculation from 
the former data. In addition, occasion is taken to work up data for nickel, 
iron, copper and silver, taken at the same time as the other data but not previously 
published. Improved values are now given for vapor pressures, rate of evapora- 
tion and heat of vaporization of the seven metals. 

In a paper in 1928 with H. A. Jones, Collisions between Electrons and 
Gas Molecules, a new technique, in which positive ion sheaths function 
as grids, is utilized to obtain data on the probability of collisions between 
electrons of comparatively low velocities with gas molecules of six different 
gases. The ionization mechanism is complex, and some unspecified 
mechanism is involved by which the electron, after it has ionized an atom, is 
still capable of sharing its remaining energy with atoms or ions. 

A paper in 1929 with A. W. Hull, Control of an Arc Discharge by Means 
of a Grid, is obviously of interest for its industrial applications. The problem 
of controlling (with a grid) a current carried by ions is much more difficult 
than controlling an electron current with a grid. The latter is well understood. 
It is shown that it is possible to start a large ion current with a small change 
of voltage on a grid, but the process is not reversible and the current may 
not be stopped in the same way. This can be effected only by rather complicated 
arrangements of the circuits, which are described. The possibility of converting 
direct current into alternating current with the use of no moving parts is fore- 
shadowed. A second 1929 paper by Langmuir alone carries further the analysis 
of the complexities when large currents are carried by ions. Under some condi- 
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tions the electrodes may be surrounded by a double sheath, in part of which 
the space charge is positive and in the other negative. 

In a paper with Kingdon in 1929, an attack is made on the exceedingly 
difficult problem of getting reliable values for contact potentials. The problem 
is important because the contact potential is one of the parameters which 
determines thermionic emission. Here a new method was used. Operating 
in very high vacuum, by changing in a known way the adsorbed film on the 
same filament, it was hoped to get the genuine contact difference of potential 
between different coated films. The results thus obtained did not, however, 
agree with those demanded by the thermionic emission equations and it would 
appear that the problem at that time was not solved. Comment may also be 
made here on a paper with Tonks in 1927, not previously reviewed, on another 
parameter connected with thermionic emission, the surface heat of charging. 
The conclusion was reached that this heat is probably too small compared 
with other parameters to be of much practical significance. 

In 1930 and 1931, Langmuir published with Karl Compton two encyclopedic 
articles in Reviews of Modern Physics entitled Electrical Discharges in Gases, 
dedicated to the ambitious project of dealing with all important phenomena 
in vacuum tubes, embracing all the relevant experimental work of the last 
thirty years. Part I deals with electrons, atoms, ions, and molecules as individuals, 
and part II describes how the processes in which these individuals take part 
combire collectively to give the observed phenomena in tubes. 

A paper in 1931 contributes to an understanding of one of the special mech- 
anisms which sometimes function in vacuum tubes. There are conditions 
under which the electrons suffer only elastic collisions with the gas atoms 
and can therefore diffuse back to the electrode. The current is calculated 
under such conditions. 

A paper with J. B. Taylor in 1932 analyzes the rate of evaporation from a 
tungsten surface at various temperatures of electrons, ions and atoms. It is 
discovered that usually a very small fraction of the tungsten surface is occupied 
by spots of abnormally high activity. 

In a 1932 paper with K. Blodgett a new concept is introduced, the ‘‘accommo- 
dation coefficient”. Langmuir here returns to a problem which had last occupied 
him in 1915. Gas atoms or molecules impinging on a metal surface do not 
come to temperature equilibrium with it, and the amount of heat conducted 
away is a function of the degree to which equilibrium is approached. The 
accommodation coefficient is now defined in terms of the ratio of the heat 
actually conducted away to that which would be conducted away theoretically 
if equilibrium were completely attained. This coefficient is a sensitive 
indicator of the nature of the adsorbed surface film. In this paper films of 
hydrogen and of oxygen on tungsten are studied. There appear to be two 
types of hydrogen film. The effects are complicated and reproducible results 
can be obtained only with difficulty. 
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Another 1932 paper, No. 140, extends previous work in 1918 to more fully 
take into account the effect of mutual forces between the atoms in an adsorbed 
surface film. He begins by getting an expression for the vapor pressure of 
liquids, which may be modified to apply to solids, which agrees better with 
experiment for a large number of liquids than the well known formulas of 
Trouton or Hildebrand. This expression is then applied to the evaporation 
of surface films one atom thick. The adsorbed atoms are regraded as polarized 
by mutual forces with the underlying metal. The surface atoms thus polarized 
exert dipole forces on each other, which modify the equation of state of the 
surface film in ways which are found to agree with experiment for caesium 
and oxygen on tungsten. 

A paper in 1933 extends the theory of surface films. There are many cases 
in which the adsorbed film and the underlying surface break up into several 
homogeneous regions. It is shown that in such cases there is an analogue of 
the phase rule of Gibbs connecting the number of the regions with the variables 
determining the condition of the film, such as electric force or temperature, 
which correspond to the conventional degrees of freedom. Similar analysis 
sometimes applies even to transient non-equilibrium conditions. The film 
properties which are controlled by the equations include contact potential, 
rate of evaporation, surface spreading force and diffusion coefficient. 

In 1933, Langmuir published an investigation of the very complicated 
conditions prevailing in a caesium atmosphere outside a tungsten surface. 
At some distance from the metal there is the plasma (region of no net space 
charge), nearer the surface a space charge sheath, and still nearer the surface 
an image force sheath. The image forces may be very large. The effective 
surface determining the location of the image force is different for ions and 
electrons. Within the image force sheath the electron gas is degenerate and 
the Fermi distribution prevails. A second paper is promised giving detailed 
numerical calculations and applications to caesium coated surfaces. 

Another paper in 1933, with J. B. Taylor, deals with caesium films on 
tungsten. It is possible that this is the second paper promised above, but no 
explicit claim was made to this effect and the subject matter is somewhat 
different. In this paper an elaborate study is made of the effect of the fractional 
part of the surface covered by the caesium film in determining the rate and 
heat of evaporation of caesium atoms, ions and electrons. The technical means 
were then at hand by which the fraction of the surface covered could be accu- 
rately determined. 

In 1932, Langmuir was awarded the Nobel prize for his contributions to 
surface chemistry, and in his Nobel lecture in December 1932 he summarizes 
this work. No account of this lecture will be attempted here, since it contains 
nothing essentially new, but it is pertinent to quote from the remarks of Professor 
Soderbaum in citing the reasons for the award. ‘““Numerous scientists are at 
the present time working industriously and successfully in this field of research. 
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It would seem, however, that the greater honor is due the first man, the pioneer 
who has broken new ground, than to the cultivators of ground already cleared, 
however industrious they may be — the prize is awarded to Langmuir for 
his outstanding discoveries and inventions within the field of surface chemistry’. 
At the Nobel banquet it was further said of him, after touching on his inventions 
in radio and illumination: “Your most weighty contribution to science, however, 
lies on another — a still higher — plane, as yet incomprehensible to anyone 
who is not a chemist, but, on the testimony of experts, it is an achievement 
that is full of promise and marks the beginning of a new era in the history 
of chemistry”. 

A paper in 1934 extends to thorium coated filaments the same sort of analysis 
as in his 1933 paper on caesium coated filaments. New measurements by Becker 
and Brattain of the rate of evaporation of thorium atoms from a tungsten 
surface permit reconsideration and recalculation of the mechanics of the 
tungsten-thoria system. His previous concept of induced evaporation is aban- 
doned. The great mobility of the ‘‘ad-atoms” of thorium in running around 
on the surface now appears as a very important part of the total mechanism. 
Gibb’s equation is used to determine both the rate of diffusion of the adatoms 
along the surface and the rate of evaporation of atoms from the surface. Numeri- 
cal values are obtained for the heat of evaporation agreeing well with values 
obtained by other methods. 

There is a very important paper with K. Blodgett in 1934 on the mechanical 
properties of monomolecular films. This summarizes previous work and adds 
much that is new. A new technique is described by which any desired number 
of mono-molecular films can be transferred from the surface of water to 
glass — this technique played a prominent part in much of h's subsequent 
work, A study was made on the lubricating properties of monomolecular 
films and the conditions determined under which the film could be broken 
through or could heal itself. Applications to the cell walls of biology were 
foreseen. 

In the period 1934—36, the rate of production of new scientific results 
was somewhat slowed down. Langmuir was making a few public adresses, 
one at a commencement and one on receiving the Holley Medal of the American 
Society for Mechanical Engineering, lecturing on his scientific work in Japan, 
and making a radio broadcast. There is, however, a paper with V. J. Schaefer 
in 1936 continuing the work on surface films. K. Blodgett had previously 
found that the composition of a film of stearic acid on water varies according 
to the barium or calcium content of the water. The object of the present paper 
was to find more in detail what the nature of the variation is. It was found 
that the film is a pure neutral soap when the water is strongly alkaline, and 
a free fatty acid when the water is acid. 

In 1937 began an investigation extending over a number of years of the 
properties of proteins by methods based on a study of monomolecular films. 
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The subject was apparently called to Langmuir’s attention by Dr. Dorothy 
M. Wrinch, and she collaborated in much of the work. The first paper in a 
series of sixteen papers collected in Chapter 3 of Volume V, was with Wrinch 
and Schaeffer. It was found that proteins, like the simpler substances previously 
investigated, form mono-molecular films on water, and that these films can 
also be transferred to a solid surface. Two methods of transfer are possible, 
giving films of different properties. In this first paper the conclusion was 
drawn that the protein monolayer is a two dimensional net work, and dces 
not consist of polypeptide chains, as might naturally be supposed. 

It is not in the province of a physical analysis to make detailed comment on 
all sixteen papers, which may more suitably be left for the professional chemist, 
but there are certain aspects of this work which strike a physicist as significant. 
In the first place, investigation of the properties of monolayers would seem 
to offer a rather unpromising tool with which to unravel the properties of the 
protein molecule. For a protein molecule is known to be of almost prohibitive 
complexity, with a number of degrees of freedom greatly in excess of the number 
of degrees of freedom that can be exhibited by the behavior of films. It bespeaks 
Langmuir’s physical intuition that he was able to draw so many general con- 
clusions about the structure of proteins from their behavior in thin films, 
and it is also a commentary on his scientific courage that he was willing to devote 
so much time to exhausting the possibilities of such a comparatively insensitive 
method of analysis. The internal evidence, particularly the abrupt cessation 
of Langmuir’s papers on this subject in 1940, indicates to me that Langmuir 
did come to feel that he had exhausted the possibilities. In exhausting the 
possibilities, Langmuir introduced a variety of new techniques, and indeed 
in his handling of this subject we have impressive demonstration that a large 
part of his scientific strength lay in his mastery of technique. 

The concept of the protein molecule finally arrived at had among others, 
the following features. The molecule of a specific protein has a definite molecular 
weight, sometimes running into the millions. In bulk, the molecule is approxi- 
mately spherical, but the sphere is hollow, giving the so-called “cage” structure. 
Those outside of the cage act more or less like independent ‘surfaces, with 
characteristic surface tension and structure. It often happens that the interior 
of the cage is lined with hydrophilic groups and the outside with hydrophobic 
groups. Such a protein would be highly inso!uble in water. However, when 
formed into a thin film, the cage may open out, its walls lying flat, so that in 
this way hydrophilic groups may come into action which are normally masked. 
For this reason proteins in the form of thin films can enter into various sorts 
of chemical reaction which they do not show in bulk. Proteins which have 
been destructured by formation into films ‘may, under certain circumstances, 
be reconstituted when redissolved into bulk form in the presence of a suitable 
enzyme or catalytic agent in the solvent. Proteins show a specific'ty of behavior 
which indicates that local parts of the molecule are not capable of independent 
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action characteristic of the structure of the immediate neighborhood, as are 
many organic molecules such as the long chain compounds, but on the contrary 
the molecule in many circumstances acts as a unit, indicating cooperation 
between all its parts. Langmuir expressed this by saying that there is resonance 
between different parts of the molecule. The language reminds one strongly of 
Pauling’s resonance theory of the chemical bond, which came later, but the 
probability is that the resemblance is only coincidental. 

Leaving now the subject of proteins, there was a paper with J. B. Taylor 
in 1937 in which improved methods and apparatus are employed for getting 
the vapor pressure of caesium by the intermediary of the ion current. The * 
early values of Langmuir and Kingdon are revised and considerably extended 
in range. The new results agree fairly well with theoretical values of Eucken. 

In 1937 and 1938, there were several papers dealing with various secondary 
aspects of thin film phenomena which will not be reviewed here. Also in 1938, 
there was an excursion into colloidal chemistry. A colloid consists of a sus- 
pension of finely dispersed solid particles, “micelles” which may have char- 
acteristic shapes and which may separate into discrete phases under certain 
conditions. It had been the previous opinion that the forces between micelles 
are of the nature of the van der Waals forces. Langmuir showed that the ordinary 
Coulomb forces are adequate, and that the micelles automatically acquire 
a charge in an electrolyte. The Debye-Hiickel theory of osmotic pressure 
in electrolytes was modified to meet the present conditions and applied to 
explain a number of experimental results. 

In 1938, Langmuir published a short paper, The Speed of the Deer Fly, 
quite trivial as to any scientific significance, but a little classic as an example of 
scientific method. Langmuir had been attracted to a statement in the popular 
press that the speed of the male deer fly is 815 miles per hour. He first tracked 
down to its source in the bulletin of some museum the original reference on 
which the statement in the press was based, so that he knew the basis of the 
original estimate—visibility in flight. He next showed by dimensional and other- 
analysis that such a high speed is utterly preposterous. He next devised simple 
experiments of the “string and sealing wax” variety, in which he studied the 
visibility of simulated flies whirled in circles on a string in the hand at known 
speeds, and came out with 25 miles per hour as a reasonable estimate of the 
fly’s speed. 

There is not much written record of Langmuir’s activity during the war 
years, except for his work with smoke screens to be mentioned later. The 
record through 1946 consists mostly of a number of addresses and testimony 
before Committees of Congress. Specific Mention may be made of his address 
in December 1942 as retiring President of AAAS. He first took a quick look 
at the course of scientific evolution, commented on the dethronement of the 
law of cause and effect by wave mechanics, and expounded his concept of 
“convergent” and “divergent” phenomena, which was his version of the Heis- 
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enberg Uncertainty Principle. He emphasized that human affairs are much 
more complex than scientific affairs and are seldom amenable to profitable 
analysis in casual terms. Here divergent effects play a leading role. In meeting 
the situations of daily life “reason is too slow and too difficult”. We must 
“use the abilities we have — use common sense, judgment and experience. 
We underrate the importance of intuition”. His own intuition is illustrated 
by the fact that in one place he spoke of “the coming victory of the United 
Nations.” 


After the war nearly all Langmuir’s published scientific work was concerned 
with meteorological phenomena, having for its ultimate object the under- 
standing of weather and perhaps even more immediately, the control of weather. 
The beginning of this work affords a typical example of the ‘“‘serendipity”, 
the ability to profit by the unanticipated, which Langmuir so much loved 
to talk about. Before our entry into the second world war, the War Department 
was not sure that their gas masks would be effective in dealing with poisonous 
smokes, as distinguished from poisonous gases. The conventional charcoal 
masks were effective to deal with gases, since these are adsorbed on the finely 
divided charcoal, but a poison smoke, consisting as it does of finely divided 
solid matter, cannot be thus dealt with, but must be handled by some sort 
of mechanical filter. The War Department asked Langmuir to investigate 
the best method of dealing with such smokes, anticipating a possible future 
need. Langmuir characteristically approached the subject by going back to 
fundamentals, trying to find the most effective size for the smoke particles. 
Theoretical investigation indicated that the optimum particle size was much 
smaller than that of any known smoke. This led to a systematic investigation 
of how to make smokes of much smaller particle size, culminating in the inven- 
tion of a new method capable of giving particles of any desired size, including 
the optimum. The method was the injection into the atmosphere under pressure 
of the superheated vapor of a hydrocarbon of high boiling point. Under the 
conditions the vapor condensed very rapidly, yielding particles of controllable 
size which are non-volatile, and therefore permanent, at ordinary atmospheric 
temperatures. The smoke, thus produced for purposes of preliminary study, 
was at once seen to be much superior to any smoke then in use for screening 
against aerial attack. Since the need of the army for effective anti-aircraft 
screens was greater even than its need for protection against poison smokes, 
the direction of the investigation was immediately switched to devising the 
best screening smoke The improvement over the conventional devices was 
spectacular, the factor of improvement in one measured test being 400. Lang- 
muir’s method of smoke production was at once put into large scale production, 
and toward the end of the war proved a most important military factor, both 
in the Army and the Navy. It was said that no Navy vessel was damaged by 
kamikazi attack after the Navy smoke screens were in operation. 

From a study of the factors governing the growth of particles in smokes 
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it was an immediate step to the study of the growth of water or ice particles in 
clouds, and hence gradually to an intensive study of all the phenomena of 
precipitation. Immediately there were practical applications, because the 
Army had been plagued by icing on its airplanes, and asked Langmuir to see 
what could be done about it. It thus came about that most of Langmuir’s 
work on weather control was done under Government auspices and under 
Government contract. But Government interest in Langmuir’s work after 
the war apparently had to be stimulated by Langmuir’s own representations. 
He had already decided that meteorology was no proper subject for the General 
Electric Company. At first Air Force support was slow, and the first studies 
on Mt. Washington by Langmuir and Schaefer were mostly on their own 
initiative. It was only later that Langmuir had at his disposal airplanes for 
study of conditions in situ in clouds. 

Study of conditions of icing toward the end of the war, starting from the 
apparently mysterious conditions under which icing occurred at all, led at 
first to the discovery of the enormous degree of supercooling which a droplet 
of water will support before freezing spontaneously, then to the discovery 
of the sharpness of the critical temperature, —39°C, at which spontaneous 
freezing takes place, then to the discovery of the effectiveness of any nucleus 
at lower than the critical temperature, such as dry ice or liquid air, in initiating 
spontaneous freezing, and finally to the discovery of the effectiveness of silver 
iodide as acting as a nucleus for freezing because of the similarity of the dimen- 
sions of its crystal lattice to the dimensions of the ice lattice. 

The effect of many factors was explored in the work on Mt. Washington. 
For example, a mathematical study was made of the trajectories of water particles 
of different sizes in air of different velocities flowing past solid obstacles of 
different shapes, in order to understand better the conditions of icing. 

In talking about his work on Mt. Washington, Langmuir has said that one 
of the factors leading up to it was his own early love on mountain climbing 
and his later devotion to skiing, as was also Schaefer’s love of mountaineering 
—a somewhat fortuitous combination of circumstances without which the 
work would probably not have been done. 

Presently Langmuir was achieving spectacular results in converting the 
supercooled water droplets in local clouds of the appropriate composition 
into snow or ice, and thus clearing open spaces through a cloud cover. Precipi- 
tation as rain could also be produced under the right conditions. From here 
on the whole picture rapidly became more complicated and more confused. 
It is a great pity, one might almost say a tragedy, that secondary issues entered 
into the last years of Langmuir’s life to make increasingly difficult the effective 
application of that singleness of purpose and directness of attack which was 
one of his outstanding characteristics. Rain making became at once a new 
source of income to any charlatan who could fly a Piper Cub plane. The air 
was filled with the acrimony of conflicting claims and threatened law suits by hotel 
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keepers whose business was injured by the same rains that were so beneficial 
to the farmer. Some thought it was impious and inviting the wrath of Providence 
for man to presume to tinker with the weather. At any rate, a good many people 
became convinced with some reason that society is not yet far enough advanced 
tu undertake to say what the weather should be. Langmuir himself got caught 
in the logical consequences of the course on which he had embarked. The 
obvious next step after acquiring a certain degree of control of local conditions 
was to extend the control to longer range effects on weather. This involved 
greater and greater complication, for the number of factors involved in weather 
in general is so great as to baffle all attempts up to now of the meteorologist 
at adequate understanding. Langmuir continued his cooperation with the 
Air Force, and was able to make studies in airplanes in widely separated places 
and conditions; all, of course, at too great expense for any private agency. 
He initiated a most ambitious project, which involved seeding the air at intervals 
of seven days with silver iodide at a carefully selected place in the Mid-west, 
and studying the weather over the entire United States for long range effects. 
This naturally led into statistical analysis, in which significant correlations had to 
be sought with the aid of complicated calculations with computing machinery. 
“Correlation coefficients” had to be evaluated, the significance of which was to 
a certain extent a matter of personal judgment. This could and did get Lang- 
muir into controversy with some of the professional meteorologists of the 
Weather Bureau. Langmuir did a prodigious amount of calculation in his 
statistical analyses, in which he had to consider such technically puzzling 
questions as whether the experimental conditions had procured a proper 
degree of “randomization” or whether all possible effects of any concealed 
bias in the observers had been eliminated. It is to be remarked that Langmuir 
himself regarded weather as mostly a “divergent” phenomenon. For this 
reason one would not anticipate that the investigation of meteorological phe- 
nomena would be particularly suitable for Langmuir’s special genius. 

An outsider, reading Langmuir’s last formal work on the subject, his un- 
published report No. 55-RL-1263, of July 1955, on Wide-spread Control of 
Weather by Silver Iodide Seeding, particularly the part of the report in which 
he makes his recommendations as to the most fruitful lines for further work, 
gets the impression that the situation when he left it was becoming less clean 
cut, and that an enormous amount of future work and expense is still necessary 
to satisfactorily clarify the fundamental facts, to say nothing of actually attaining 
control of the weather. At any rate, with the removal of Langmuir’s catalytic 
enthusiasm, the subject is apparently now in abeyance. When it is resumed, 
as it certainly will be some day, Langmuir’s positive contribution will serve 
as the new starting point. Only Langmuir could have thought of making meteor- 
ology an experimental science, or shown the way to do it. 


P. W. BripGMAN 
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‘THE LEGEND says that six Greek towns disputed the privilege to be considered 
the birth place of Homer. The number of scientific domains enriched by the 
genius of Langmuir is considerably higher, but physical chemistry of gas 
reactions can unquestionably be named as the place of Langmuir’s scientific 
birth, and his first works were devoted to this field of science. 


Early Works of Langmuir on Kinetics 
of Gas Reactions 


By the end of the nineteenth century the leading part in physical chemistry 
was played by chemical thermodynamics. Chemical kinetics had not yet come 
out of the phenomenological descriptive stage of development. Nothing was 
known about the mechanism of the elementary chemical act even for most 
simple gas reactions. In 1906-1908 Langmuir published the results of three 
extensive investigations on gas reactions. The first of them! carried out by 
Langauir on the suggestion of V. Nernst in the Laboratory of Physical Chem- 
istry of the Gottingen University, was concerned with recombination of 
dissociated gases by cooling, widely used in early methods for “quenching” 
high temperature equilibria. 

Langmuir began with a theoretical analysis of a very simple case of dissoci- 
ation equilibrium “quenching” by means of cooling a gas under static conditions. 
He then made a detailed assay of changes in the inverse reaction rate and 
in the dissociation degree, x, accounted for by simultaneous decrease in rate 
constants and increase in the departure from initial high-temperature equi- 
librium with fall of temperature. It appears that as temperature, T, becomes 
lower, the decrease in the dissociation rate, -dx/dt, at first builds up, reaches 
a maximum at a certain 7, value, and then drops again. x will tend here to 
a certain limiting value, x,,,, corresponding to the quenching temperature, 
T,, and the nearer to high-temperature equilibrium 7, the more rapid is the 
cooling of gas. For certain limiting and intermediate cases Langmuir obtained 
simple expressions for the value, X,., of the change in x with “quenching”. 


[lix] 
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X,. appears to be a function of the gas cooling rate and of temperature coeffi- 
cients for gas recombination constants and dissociation equilibrium.' Depart- 
ing from an explicit theory developed for a simple static case, Langmuir inves- 
tigated the kinetics of “quenching” under dynamic conditions, during a rapid 
expansion in an electric spark and arc, and finally for the cases of equilibrium 
in coaxial hot and cold tubes and glowing filaments in cold tubes. 

The last case was studied in more detail, since it was taken as a basis for 
the experimental part of his investigation. A new important parameter was 
introduced in this case into expressions for X,,, namely the gas thermal con- 
ductivity coefficient. If the heated solid acts at the same time as a catalyst, 
the rate of diffusion acquires great importance and its coefficient D comes 
into the equations. 

Quantitative expressions obtained were applied to investigations on equi- 
librium of nitric oxide formation from air. Dissociation was brought about 
by introducing into the vessel electrically heated ‘Nernst glower”. Equilibrium 
concentration values for nitric oxide appeared to be in good agreement with 
the developed theory. 

The clear and concise theoretical analysis is striking and uncommon with 
so young an investigator. The Van’t Hoff theory of chemical reaction rates, 
the thermodynamic theory of gas equilibria, and kinetics of heat evolution 
and diffusion are most ingeniously applied to solution of the problem studied. 
Langmuir’s gift for theoretical reasoning can already be seen from this first 
work. His next work? was better adapted for display of his talent as experimenter. 
On the basis of his theory and making use of the dissociation of water vapour 
and carbon dioxide, he attempts experimental determination of equilibrium 
constants for high-temperature gas reactions from the chemical composition 
of gas during electrical heating of fine metal filaments in a cold reaction vessel. 
To obtain better “quenching” the direct and inverse reactions proceeding 
on the heated wire should be faster than those in the volume and at the cold 
vessel wall. 

Platinum filaments acting as active catalysts of both oxidation—reduction 
reactions 


2H,O = 2H, +0, and 2CO, =2CO +0, 


were used in this connection. Measurements were hindered by a number of 
parasitic phenomena disturbing the uniformity and constancy of the filament 
temperature, and leading to deviations of the gas composition from the theoret- 
ical value. With water vapour, for instance, one of the sources of error appeared 
to be the inverse catalytic oxidation of hydrogen on invisible deposits formed 
on the vessel wall by disintegration of Pt heated in the presence of oxygen. 
Establishing the nature of one encountered difficulty after another and disposing 
of them, Langmuir obtained equilibrium constant values showing good agree- 
ment with theoretical equations and with results of most reliable measurements 
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made by other methods. This confirmed the effectiveness of the new technique 
in gas equilibrium measurements. Direct physical methods for gas composition 
measurements necessitate no “quenching”, and calculation of equilibria based 
on combined use of molecular spectroscopy and statistical thermodynamics 
is preferably used at present in studies of gas equilibria. However old methods, 
the theory of which was greatly improved by Langmuir, have not entirely 
lost their significance and the theory of “quenched” equilibria has found 
new application in kinetics of chain and radical reactions. 


The next theoretical work of Langmuir was of a general kinetic nature 
and was concerned with the effect of diffusion and heat convection in kinetics 
of homogeneous chemical reactions under dynamic conditions. Not long before 
it Bodenstein and Wolgast® solved a similar problem for two limiting cases: 
absence of intermixing and complete intermixing of gases along the flow co- 
ordinate. Langmuir’s aim was to obtain kinetic equations for intermediate 
cases. In an extensive theoretical investigation* he established quantitative 
criteria for the applicability of obtained formula: a) under kinetic conditions 


without intermixing ("2 loga/¢y << i) b) at complete intermixing, when ¢, 


is constant in volume and independent of time (st <1), and for 

0 
several intermediate cases. Equations for kinetics in a flow and expressions 
for rate constants were derived for various cases.* This is one of the first thor- 
ough investigations on dynamics of a chemical process, taking account of 
macroscopic factors. The choice of problems and methods proposed for their 
solution anticipated modern concepts of reaction conditions in macroscopic 
chemical kinetics. Unfortunately this work had no direct continuation and the 
program of its development, contemplated in Langmuir’s paper, remained 
unfulfilled. 


Langmuir reverted to homogeneous kinetics only once in a critical paper 
devoted to the radiation theory of chemical reactions proposed by Trautz, 
Perrin, and Lewis.5-? These authors considered the majority of chemical 
reactions to be latent photochemical processes. The chief argument of partisans 
of this concept was the seemingly ready explanation it furnished for the existence 
of unimolecular gas reactions. Even Arrhenius paid a certain tribute to this 
idea and for several years the main kinetic principle, implying that elementary 
acts of thermal chemical reactions occur on collisions and that the latter are 
responsible for transfer of energy necessary for molecular activation, seemed 
to waver. At the height of enthusiasm for radiation theories Langmuir showed 
convincingly that data on gas absorption spectra and coefficients of over-all 


®In these inequalities m the reaction order, D the diffusion coefficient, a the initial re- 
actant concentration, cy the concentration of initial liberated gas, L the length of the heated 
reactor part, s the linear velocity of the gas flow. 


Google 


iii Introduction to Volume 1 


radiation absorption preclude the explanation of many well known unimolecular 
reaction rates by the radiation theory.® In certain cases the ratio of experimental 
rates to those calculated on the radiation theory appeared to exceed 10°. Theo- 
retical conclusions completely disagreed with experimental results obtained 
by Langmuir on the relationship between the intensity of radiation from 
glowing filaments and the observed rate of dissociation. Langmuir’s paper® 
and his statement made at the Faraday Society Discussion® played an important 
part in the discarding of this fruitless and purely speculative trend in interpre- 
tation of thermal reaction mechanisms. 


Active Hydrogen 


In his works carried out in 1900-1910 Langmuir followed the paths, laid 
out by eminent physical chemists of the preceding generation, more as a theorist 
than as an experimenter. Of an entirely different nature is the complex of 
works concerned with chemical processes in high vacuum. In his lecture given 
in 1932 on receipt of the Nobel Prize Langmuir said’® that in 1909, beginning his 
work in the Research Laboratory of the General Electric Company he discov- 
ered that “‘the high vacuum technique which had been developed in incandescent 
lamp factories, especially after the introduction of the tungsten filament lamp, 
was far more advanced than that which had been used in university laboratories. 
This new technique seemed to open wonderful opportunities for the study 
of chemical reactions on surfaces and of the physical properties of surfaces 
under well-defined conditions. He resolved to try the effect of introducing very 
small quantities of various gases into a highly evacuated bulb containing a 
tungsten filament. Since by a McLeod gauge [pressures as low as 10° 
atmospheres could be measured, it was possible to observe the disappearance 
of an amount of gas of less than 0.1 cubic millimeter measured at atmospheric 
pressures.” 

From present standpoint the level of vacuum technique used in Lengmuir’s 
early work was not high, the more so as Langmuir’s diffusion pumps, that 
made revolution in the field of vacuum, were not yet designed. Still his point 
of departure appeared to be perfectly sound. It led to significant discoveries 
playing a substantial part in the progress of chemical kinetics. No less important 
was the close contact with vacuum technology that Langmuir kept, as well 
as the active part he took in the development of scientific problems connected 
with thermionic emission, heat conduction, and chemistry of surface phenomena. 
In these works Langmuir already appears as an investigator laying out new 
scientific paths, unsurpassed in the art of experiment, (skillfully revealing 
the nature of complicated and intricate phenomena and discovering new 
processes of great importance sometimes hidden beneath side effects observed 
in engineering investigations. Thus, an observation made in determining 
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the amount of energy required for maintaining a certain temperature of W-wires 
electrically heated in gaseous media was the starting point for a very important 
set of investigations on free atoms. Simple and general equations for calculating 
energy losses on heating of wires in gases were derived from studies apparently 
aimed at determination of factors responsible for the energy expenditure and 
lifetimes of electric lamps. For argon, nitrogen, and carbon monoxide these 
equations are consistent with experimental data up to temperatures of ~3500°K." 
With hydrogen considerable discrepancies are observed at 2100°K, and above 
3000°K the energy expenditure observed experimentally is several times higher 
than its theoretical value.'!2 Increase in discrepancies with fall of hydrogen 
pressure and simultaneously observed qualitative effects led Langmuir to a 
daring conclusion that this thermal anomaly was based on catalytic dissociation 
of hydrogen into atoms, taking place on glowing wires and requiring a large 
amount of heat. The latter was transferred by atoms into the volume and to the 
vessel wall as latent chemical energy, and emitted there on recombination. 
The catalytic nature of the primary act was evidenced by poisoning of tungsten 
with oxygen, and by enhancement of the effect on replacing tungsten by platinum 
and palladium. Thus, with palladium corresponding phenomena were observed 
at 1700°K. ** The appearance of free atoms was confirmed by increase in hydro- 
gen reactivity under conditions of anomalous heat consumption. For instance, 
tungsten trioxide introduced into the reactor acquired a blue coloration due 
to partial reduction to W,O, at room temperature. Other oxides, such as PtO,, 
CuO, PbO were reduced to metals. Hydrogen combining with phosphorus 
in the cold to form phosphine was captured by glass walls, especially cold ones. 
It reacted with oxygen as well. This is how active free atomic hydrogen was 
discovered and it laid a foundation for the chemistry of free atoms and radicals. 
Being well aware of the significance of this discovery, Langmuir began further 
works on determination of the thermal dissociation effect, and obtained at 
first an overestimated value of 136 kcal/mole. A little later, having made 
allowance for differences in diffusion coefficients of H atoms and H, molecules 
and for other additional factors, he obtained the values of 84 18 and 97 kcal/mole." 
He calculated equilibrium constants for H, dissociation and investigated 
properties of free and adsorbed H atoms. 

Systematic studies of diverse and often uncommon chemical reactions involving 
H atoms and of their role in kinetics of gas reactions were carried out later on by 
other investigators, making use, along with Langmuir’s method, of the photo- 
sensitized dissociation in the presence of mercury vapour, as well as of electric 
discharge methods that were developed 10 years later by Wood. It is firmly 
established at present that free atomic hydrogen is an active intermediate 
product of many thermal photochemical and radiation induced chemical 
reactions, such as reactions of chlorine and bromine with hydrogen, oxidation 
of hydrogen with oxygen, water radiolysis and a number of other complex 
reactions. New types of hydrogen atom reactions were established. Of these 
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most important for kinetics is the ability of H to form free radicals in reactions 
with various molecules,® for instance 


H+0,>K0,; H+C,H,>C,H;; C,H, +H—> C,H, +H;. 


Depending upon the partner present H atoms may act as strong reducing agents, 
or as oxidants. The origin of all this was the dissociation of H, on glowing 
filaments discovered by Langmuir. 

It will be emphasized that the generation of atoms on solid surfaces with 
subsequent transfer of the reaction into the volume, and also the capture of 
free atoms by surfaces, so very characteristic of chain reactions, were first 
discovered in these works. The free atom and radical reactions permit 
explanation of many important and characteristic events by the theory 
of chain reactions developed by Semenov, Hinshelwood and others.!* 1? When 
investigating atomic hydrogen Langmuir has shown the possibility to obtain 
atomic chlorine and atomic oxygen by means of the same method (though 
not without complications). It is successfully used up to now in studies of the 
chemistry and electron properties of solid surfaces involving small amounts 
of H under conditions of high vacuum. 


Chemistry of High Vacuum 


The formation of atomic hydrogen and its increased adsorption on glass 
explained the clean up of this gas in the operation of vacuum tubes, Roentgen 
tubes and electric discharge devices. However, the clean up of O, Ny, and 
other gases is connected with more complex phenomena. To find out what 
was their nature Langmuir undertook systematic studies of chemical processes 
involving different gases in contact with glowing filaments at low pressures 
common to electrovacuum techniques.?* Chemical reactions were never before 
studied under these conditions, though the nature of their development in 
high vacuum is very specific, as emphasized by Langmuir. In particular, the 
role of homogeneous reactions becomes less important and at the lowest press- 
ures attainable towards 1915 their effect was nil, since the mean free path 
of molecules considerably exceeded vessel dimensions. The difficulties caused 
by possible collisions of molecules or atoms, desorbed from the glowing filament, 
with other molecules and the vessel wall, before impinging on the filament 
again, were entirely eliminated long before that. Thus the average velocity 
and temperature of impinging molecules in high vacuum correspond to the 
temperature of the wall, and not to that of the filament. This led to new un- 
common events. Considerable simplification in the kinetic picture was brought 
about by decrease in the metal surface coverage. Langmuir has studied the 
interaction of a number of gases with W, Mo, C, Pt, Fe, Pd filaments under 
conditions of high vacuum, and has established the main types of processes 
occuring thereby. A part of them took place on heated surfaces. These are: (1) 
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adsorption of molecules and atoms (condensation coefficients, a, being higher 
for atoms than for molecules); (2) dissociation and recombination on the 
surface; (3) chemical reactions involving solid surface atoms; (4) dissolution 
of atoms in metals; (5) desorption of molecules and atoms from the surface; 
(6) evaporation of metal atoms. Free atoms are always generated on the surface, 
but only with hydrogen is this generation the basic initial act of clean up. 
With oxygen on tungsten the main part is played by the surface chemical 
process resulting in several-step formation of volatile trioxide, WOs, condensing 
on the wall. Similar processes take place in interaction between tungsten and 
carbon oxide (presumably with WCO formation). The basic process of N, 
clean up on tungsten is of a different nature. In this case the process is mainly 
homogeneous and involves nitrogen molecules and free metal atoms reacting 
to form a nitride, WN,, deposited on the vessel wall. In the case of CH, the 
metal surface liberates carbon and the hydrogen formed is adsorbed on the wall. 
Characteristic phenomena are: observed on the wall of a vessel cooled by liquid 
hydrogen, the appearance of labile forms unstable at higher temperatures 
being possible. Quantitative kinetic molecular analysis is carried out for the 
majority of processes studied and probable primary mechanisms are discussed 
(to a certain extent including electronic ones).!* Although these works are 
closely connected with requirements of electrovacuum technology, their signi- 
ficance in the development of modern kinetics, especially in reactions between 
gases and solids, can hardly be overemphasized. In particular, these works 
promote studies of reactions involving free atoms and radicals stabilized by 
cooling, i.e., of the chemistry of ultra-low temperatures, rapidly developing at 
present in many countries and making use of a variety of very thorough methods. 
Thus, work with hydrogen atoms is preferably carried out at helium temper- 
atures and the range of application of frozen organic liquid solutions, along 
with adsorption on cool surfaces, is ever increasing. The existence, nature, 
and concentration of frozen atoms and radicals are studied by the electron 
spin resonance method” attaining a high degree of sensitivity. Radiation 
chemistry methods are more and more frequently used for the generation 
of atoms and radicals in these works. This natural trend of events only empha- 
sizes the significance of works pioneered by Langmuir, who was the first 
to discover this vast and versatile field of investigation. 

A similar position takes place in high vacuum chemistry. The relation of 
surface chemistry to electrovacuum techniques and surface electronics first 
established by Langmuir in the second decade of this century obtains new 
confirmation. This boundary region is rapidly developing and new important 
results, both theoretical and practical, are obtained. Of great importance in 
this connection are the advances made in high vacuum techniques at pressures 
up to 10-1° — 10-1 mm Hg. This is more than by 100,000 times lower than 
the lowest pressures used by Langmuir. These achievements attained mostly 
by elaboration upon Langmuir’s high vacuum methods made possible the 
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preparation of metal and elementary semi-conductor surfaces practically free 
of adsorbed gases at ordinary and low temperatures. The structure of the 
first two-dimensional layer of gas adsorbed on such a surface and chemically 
combined with it was first established by means of low energy electron 
diffraction. This was the basis for development of the modern field emission 
microscopy that permits observation of localization, charging, two-dimensional 
mobility, and the nature of electron emission for separate molecules.2-™ 
Of special importance are high-vacuum investigations in the chemistry and 
physics of semi-conductors. 


Localization and Mechanism of Heterogeneous Reactions 


On the eve of his investigations of the mechanism of heterogeneous gas 
reactions Langmuir was inclined to assign basic importance to equilibrium 
in the gas layer immediately adjacent to the metal surface and to solid atoms 
solutions in metals. In particular the generation of atoms on glowing filaments 
was considered to be a result of direct liberation of atoms dissolved in the 
bulk of the metal. With accumulation of new data on low-pressure chemical 
reactions and on the effect exerted by adsorbed substances on the emission 
of electrons by metal wires, Langmuir gradually rejected these ideas and 
arrived at a new concept of heterogeneous chemical reactions involving adsorp- 
tion, catalysis, chemical reactions between gases and solids, and certain chemical 
reactions in solids. Certain elements of this theory were discussed by him 
in 1915" relative to the mechanism of hydrogen molecular dissociation of filam- 
ents. Fundamental postulates of the theory were first formulated in his paper 
“The Constitution and Fundamental Properties of Solids and Liquids”.™ 
They come to the following: (1) atoms or groups of atoms in a solid are linked 
by chemical bonds, in certain cases analogous to those in ordinary organic 
molecules (for example the 4 diamond bonds), and in other cases to inorganic 
complexes; (2) a solid surface represents the site of crystal lattice cleavage 
and the atoms emerging onto the surface are valence unsaturated and form 
a plane crystal lattice; (3) chemical reactions between gases and solids, dis- 
solution of gases in solids, and catalysis begin with gas adsorption which is 
not a physical increase in density in the potential surface field, but a superficial 
two-dimensional chemical reaction; 4) gas molecules may be adsorbed with 
dissociation into atoms and radicals or without it. In both cases the amount 
of surface atoms participating in adsorption of one molecule will be a strictly 
definite whole number (1, 2, etc). The surface may thus be looked upon as 
a checker-board having a definite number of checkers or elementary spaces. 
The adsorbed molecule will occupy one or several adjacent spaces. The 
limit of chemical adsorption would be the formation of a monoatomic or 
unimolecular layer. (5) With chemical reactions in solids involving two 
solid phases, as, for instance, the dissociation of MeCO, = MeO + CO,, 
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(Me = metal) these concepts, combined with the Gibbs phase rule condition 
as to the independence of equilibrium of the two solid phase ratio, will lead 
to the following conclusions: 

If two reacting solids do not form solid solutions with each other, dynamic 
treatment of equilibrium for equality of direct and inverse reaction rates would 
be possible on assumption that the whole process is localized at the interphase 
boundary. Langmuir extends this conclusion to reactions far from equilibrium 
which is a hypothesis that need not be derived from thermo-dynamics. Depart- 
ing from these concepts Langmuir explains certain pecularities of chemical 
reactions in solids, such as the low hydration activity of completely dehydrated 
gypsum, and the erosion stability of crystal hydrates. The latter have an intact 
surface at H,O pressures below equilibrium as has been described already 
by Faraday. The role of new phase nuclei in kinetics of reactions in solids 
is mentioned qualitatively, as well as the possibility of initial autoacceleration of 
processes accounted for by catalytic promotion of reactions by the adjacent 
phase surface. A brief assay of particularities observed in solid phase reactions 
involving gases* is a sort of a layout of the following ‘“‘crystallization” concepts 
of topochemical reactions elaborated upon later by other investigators. These 
concepts played an important part in elucidation of the reaction mechanism 
and the development of chemical kinetics in solids. 

We are aware now that the mechanism of solid phase reactions is more 
complicated and that these’ reactions may be initiated by electron transfer 
and displacement of separate atoms and groups into lattice vacancies. Wagner’s 
electrochemical diffusion of ions through three-dimensional product layers 
and the Mott-Garner displacement of electrons within the conductivity band 
are now widely accepted. Far from equilibrium amorphous products may be 
formed without localization of the reaction at the interphase boundary. Gibbs- 
Volmer two-dimensional growth nuclei*’ play an important part in solid phase 
formation. However, the phenomenological basis of most widely encountered 
topochemical reactions was thoroughly grasped by Langmuir and the consider- 
ations he expressed played an important part in the development of chemical 
kinetics of solid phase reactions. 


Works Concerned with the Mechanism of Catalysis 


Scientists working all their life in one well defined field of science are of 
unique value in systematic development of certain scientific and technical 
branches. Their pioneering of principally new trends connected with their 
speciality is, however, a rare occurrence. This may be explained by stress of 
foregone standpoints and methods, and by lack of a wide perspective in inter- 
mediate proximity to the object investigated. For that reason, new and ingenious 
ideas and methods causing revolution in entire branches of science, are so 
often proposed by investigators working in adjacent and sometimes even far 
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removed fields. The role of Irving Langmuir in the development of the theory 
of catalysis and its kinetics is a striking example of a fruitful and deep influence 
exerted by an “outsider” on one of the most important branches of chemistry. 
Though, as has been stated above, Langmuir often came across catalytic phe- 
nomena in his work, catalysis never was the unique field of his investigations, 
and all his works devoted to catalysis as such were carried out within a period 
of several years (1915-1922). Yet the influence exerted by these works was 
so considerable that it justifies the speaking of a Langmuir’s period in the 
theory of catalysis. There was an immense gap towards the second decade 
between the level of the theory of catalysis and applied catalysis achievements 
in big scale chemical industry (synthetic ammonia, sulfuric acid, synthetic 
gasoline, dyestuffs, etc). Many separate reactions and interesting facts were 
already established but only two important theoretical generalizations were 
known. These were the Berzelius concept of catalysis as an effect exerted by 
chemical conversions of substances without their consumption, and a conclusion 
made by Ostwald on the basis of thermodynamics as to the impossibility of 
displacing final chemical equilibria by means of catalysis. Even acceptable 
phenomenological kinetics of contact processes was not yet developed. The 
Ostwald standpoint, treating catalysis as simple acceleration of otherwise 
slow reactions, gave no insight into the reaction mechanism and inadmissibly 
simplified actual functions of catalysts. The same may be said about Nernst’s 
diffusion kinetics, though it contained germs of future macroscopic kinetics 
of contact reactions. Germs of ideas and experimental methods characteristic 
of Langmuir’s works can also be found in some investigations of Haber and 
Bodenstein. But only Langmuir with his striking ability to find simple solutions 
for complicated phenomena could disembroil the intricate play of various 
factors acting in catalysis and find a key to the latter’s mechanism. Here as 
well he departed from results obtained in studies of surface phenomena taking 
place in high vacuum. 

The dispute between scientists considering molecular adsorption as the 
main cause of activation in heterogeneous catalysis, and those advocating 
the concept of intermediate labile chemical compounds formed by the catalyzed 
substances and the solid, lasted about 100 years. Adsorption was considered 
as trivial condensation of molecules with formation of polymolecular layers. 
Intermediate compounds were believed to be three-dimensional solid sub- 
stances. 

Langmuir put an end to this dispute. He has shown by simple reasoning 
and convincing experiments that in systems characteristic of gas catalysis, 
adsorption usually does not exceed a unimolecular layer* and is of a chemical 
nature, i. e., is confined to the formation of two-dimensional surface compounds, 


*Langmuir’s works on gas adsorption on mica and other smooth surfaces are especially 
emphasized in this connection. 
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and not of new three-dimensional phases. According to Langmuir (**”) the 
catalytic process involves: 

(1) Chemical adsorption of reacting molecules on the catalyst surface: 

(2) Chemical conversions of adsorbed molecules (atoms) in a two-dimension- 
al layer, or on impingement of a gas molecule on atoms or molecules of the 
adsorbing layer; 

(3) Desorption of products into the gas volume. 

These steps may be separated in time, as observed by Langmuir at high 
temperatures and in vacuum for oxygen-hydrogen mixtures on tungsten. 
A continuous monolayer of firmly adsorbed oxygen atoms practically inert 
with respect to impinging hydrogen molecules of the gas is formed at first 
from this mixture. At the other hand oxygen reacts to form water by scheme 


O,—> 20y453 Ha 2Hiaaes Onan + 2Haas > HO. 


‘The ratio of reaction rates of the above steps is of importance for kinetics. 
Langmuir considered as typical of gas reactions the case when adsorption 
and desorption of all reaction components proceed faster than subsequent 
chemical reactions on the catalyst surface. This means that dynamic equilibrium 
with the gas volume will be maintained at the surface for all catalyzed reaction 
components. Thus, surface concentrations, or proportional specific coverage 
of the surface, play the same part in kinetics of catalysis as that of gas concen- 
trations in homogeneous kinetics. The probability of adjacent reacting mole- 
cules (atoms) in the equilibrium layer is a simple power function of specific 
coverage 
w = k(6,)™ (62) (1) 
where w is the reaction rate, k is its constant, 0, and 6, denote specific coverage 
with substances 1 and 2, and n,, n, are whole numbers equal to stoichiometric 
coefficients of a surface reaction. For a reaction occuring upon impingement 
of a gas molecule on a surface adsorbed molecule (atom) the initial differ- 
ential equation will be written as 
w = R(8,)™ (¢s)™ (1-a) 
where ¢, is the gas concentration. Even now direct measurements of specific 
coverage in adsorption of mixtures is a difficult task, and at the time of Langmuir 
no reliable methods for 6 determination were available, even on adsorption 
of single substances. Consequently 6,, 6, have to be replaced by values more 
readily measurable and comparable with experiment. This was achieved by 
use of adsorption isotherms for individual substances and mixtures. They 
were first introduced by Langmuir and named after him. ,The Langmuir 
isotherm™* was obtained for surfaces completely homogeneous with respect 
to adsorption, both on absence of visible interaction between adsorbed 
molecules, and on complete cessation of adsorption after unimolecular 
coverage is reached. Dynamic equilibrium is assumed to be established for 
every component when adsorption and desorption rates of the latter are equal. 


Google 


Ixx Introduction to Volume 1 


Adsorption takes place only when gas molecules impinge on unoccupied 
elementary sites. Desorption consists in evaporation of molecules from occupied 
sites. Adsorption is treated as condensation of molecules taking place every or 
nearly every time the molecule impinges on an unoccupied site.* In a simple 
case this would give the well known equation for the i-th component 





(4, p,) 
6, = -=- te = 2 
: 1+a4,p,+a.p.+...ap,+... (2) 
for over-all coverage 
» (4p) 
6= 36,= 3 

a 1454p, (3) 

and for adsorption of a single gas 
OP 
6= ia (3-a) 


where a, a, as, a, are adsorption coefficients involving exp (Qiag,/RT), and 
Qyaaz is the heat of adsorption of the ith component. 

Langmuir never attempted a systematic assay of all kinetic variants possible 
at different coverages of the surface with reacting molecules, as well as of 
catalytic poisons. This was made by scientists elaborating upon his theory 
and using it in their experimental works. Investigations of Hinshelwood*® 
and Schwab*! that have led to universal acception of the theory should be 
mentioned first. Consequently the chemisorption theory of catalytic reactions 
is often called Langmuir-Hinshelwood kinetics and Langmuir-Schwab kinetics. 
For three decades this theory determined the basic trends in theoretical works 
on catalysis and it is included in all monographs on catalysis and text-books 
of physical chemistry. A number of catalytic kinetic phenomena, such as 
catalyst poisoning, zero orders with respect to certain components and a number 
of other regularities were first explained by this theory. However, this was 
accompanied by a not infrequent impoverishment of the theory, since 
certain departing positions were discarded. Thus in an early brief representa- 
tion and in theories developed for particular cases (for instance for kinetics 
of hydrogen dissociation and its oxidation) Langmuir paid much attention 
to adsorption accompanied by dissociation of initial substance molecules 
(and sometimes reaction products) into atoms and radicals. He considered 
the number of elementary sites occupied by a chemisorbed molecule to be 
of great importance and discussed its effects on kinetics. In all particular 
works he always began by deriving a complete system of kinetic equations 


*Notwithstanding the extremely idealized adsorption model suggested by Langmuir, his 
isotherms are often in good agreement with experimental results at moderate coverage and 
partial pressures of adsorbed substances far from saturation (p/ps «1). Substitution of 6 in 
equations 1 and 1-a leads to kinetic equations containing only gas phase substance concentrations. 
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for chemisorption and desorption of all reaction components, never failing 
to take account of the possible dissociation of adsorbed molecules. Kinetics 
involving equilibrium values of ©7 with whole number powers were discussed 
only as a simplest case, mention being made of possible slow adsorption. Simi- 
larly Langmuir regarded his isotherms only as a simplest idealized case. He 
discussed also the participation in the adsorption process of molecules condensing 
on occupied elementary sites (with subsequent two-dimensional diffusion 
onto unoccupied sites). Attention was also given to adsorption on amorphous 
surfaces, to the possibility of multi-layer adsorption and to the role of surface 
inhomegeneity. A certain part of these kinetic particularities was lost in 
works of other scientists making use of Langmuir’s theory. Kinetic 
concepts of Langmuir-Hinshelwood-Schwab are up to now widely used in 
investigations on catalysis, precise determination of absolute reaction rate 
constants being made in accordance with the transition state theory. 

Extensive experimental material on kinetics of catalytic reactions and adsorpt- 
ion equilibria accumulated during forty years has revealed, however, a number 
of phenomena that cannot be treated by the simplified Langmuir-Hinshelwood- 
Schwab theory. These are: deviations from linearity of the adsorption isotherm 
for individual substances in the region of low coverage, logarithmic and parabolic 
adsorption isotherms over wide coverage ranges (below a monolayer), steady 
fractional powers of component concentrations in kinetics of catalytic reactions, 
low rate of chemisorption, etc. 

The main cause of discrepancy between experimental results and the concept 
proposed by Langmuir is a considerable idealization of events consciously 
admitted in deparing postulates. Real surfaces are always to a certain extent 
inhomogeneous and contain zones with different heats of adsorption and 
different activation energies. Adsorbed molecules exert a certain influence 
on each other and this interaction may result both in mutual weakening and 
strengthening of adsorption. Finally, as stated above, surface degassing methods 
used by Langmuir were not sufficiently effective in obtaining completely 
free surfaces. For instance, on the surface of metals, such as W, Cu, Ni, Pt, 
one or two monolayers of firmly adsorbed atoms remain intact. Reversible 
adsorption and catalysis often proceed above these firm layers forming an 
integral part with the working catalyst. Langmuir was aware of a certain part 
of these difficulties. Some of his experimental works, for instance the classical 
investigation of cesium adsorption on tungsten® carried out in connection 
with cesiated cathodes, may serve as good example of quantitative allowance 
for the surface inhomogeneity and for one of the modes of repulsion (Coulomb) 
of charged adsorbed atoms. However, transition to the theory of chemisorption 
on a real surface was accomplished by scientists of the next generation. The 
Majority, by following more elaborate concepts, made direct or indirect use 
of Langmuir’s ideas and equations as basic postulates. For instance a part 
of non-Langmuir isotherms appears to be a combination of Langmuir isotherms 
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for inhomogeneous surfaces with a certain mode of distribution of surface 
sites by heats of adsorption (Freundlich isotherm, and Temkin-Froumkin 
isotherm). Another part is a result of additional reversible adsorption over 
the monolayer (Briinnauer-Emmett and Teller isotherms). Similarly in the 
treatment of catalytic processes by the Taylor’s active centre theory, Langmuir- 
Hinshelwood-Schwab kinetics is applicable to every group of active centres. 
More essential changes in chemisorption kinetics were introduced by Taylor’s 
discovery of activated adsorption proceeding slowly due to activation energy 
and leading to catalytic processes at a rate controlled by chemisorption. 
Adsorption equilibria with respect to certain components have no time 
to be established in this case. These processes involve, for instance, the synthesis 
of ammonia controlled by nitrogen chemisorption, oxidation of carbon monoxide 
controlled by its chemisorption. In other cases the rate is dependent upon 
desorption of one of the products and so on. The above complements without 
contradicting the basic ideas introduced into catalysis by Langmuir. The same 
holds for the statistical theory of adsorption and catalytic processes on inho- 
mogeneous surfaces. Application of this theory to activation energies and 
heats of adsorption has obtained special development in the USSR.** By intro- 
ducing certain modes of distribution with respect to activation energies and 
integrating corresponding differential equations, it was possible to explain 
specific kinetic equations derived from experimental results on adsorption 
and catalysis (for instance logarithmic, kinetic adsorption isotherms of Bangham 
and Roginsky-Zeldovich), as well as uncommon poisoning effects. The theory 
as a whole can be considered to be a natural next approximation of the chemi- 
sorption catalysis theory of Langmuir-Hinshelwood-Schwab. 

Langmuir’s contribution to the theory of catalysis is not confined to the 
deriving of basic kinetic equations for catalytic reactions. No less significant 
were particular works of his (for instance that concerned with H, dissociation) 
highly important in their improved experimental techniques, deep analysis 
of studied events down to reactions of separate atoms and molecules, as well 
as in an abundance of valuable observations and ideas expressed in discussing 
these observations. Of special interest in this respect are investigations on 
oxidation of hydrogen and carbon monoxide on platinum reviewed in a well 
known paper read by Langmuir on the Faraday Society Symposium in 1921.™ 
Catalytic use of clean metal filaments trained in high vacuum, a deep step 
by step kinetic analysis of processes accounting for possible molecular dissociation 
of hydrogen on adsorption, the concept of the possibility of various chemi- 
sorption paths for the same gas due to different natures of bonds, for example 
of CO — Pt and OC — Pt, all are discussed here. Observations on the increase 
in metal activity caused by a catalytic reaction will also be noted, as well as 
the explanation of self—activation by disordering of the surface at the expense 
of the process energy resulting in anomalous distances between platinum 
atoms on the surface. The catalytic works of Langmuir were in the most part 
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carried out before the advent of quantum mechanics and this certainly limited 
the analysis of elementary reaction mechanisms. For that reason Langmuir’s 
statements as to the possible electronic mechanism of adsorption and catalytic 
reactions is more of an historical interest. In contrast, his observations concern- 
ing existing correlation between the magnitude of thermionic emission and 
chemical surface processes™** have acquired a very up to date importance. 
Under Langmuir’s experimental conditions the thermionic current strength 
at a constant temperature was determined by the electron work function, 
Langmuir was justified in considering the latter as a sensitive index of adsorbed 
molecule charge signs, and of the surface coverage. In modern electronic 
theories of catalysis the work function ¢ and its variations are self-important 
as values determining activation energies of chemicak surface processes accomp- 
anied by charging or discharging of reacting molecules. A change in g under 
the action of adsorption and dissolution of admixtures in the lattice may bring 
about a change in rate limiting steps of the over-all chemical process, as well 
as modifications of the catalyst. The latter may result both in promotion and 
in poisoning of the catalyst. Finally the surface charging represented by Ap 
may introduce essential changes in the order and kinetic equations for chemi- 
sorption and catalysis. Thus, measurements of g and of catalyst electrocon- 
ductivities became of great importance and are now widely applied in catalytic 
investigations. 

Similarly, old works of Langmuir on the generation of atoms and atomic 
reactions on solid surfaces obtained a new and deep significance in connection 
with the development of chain and radical theories of catalysis. 


Langmuir’s Creative Mind and Appreciation of His Works in USSR 


In estimating Langmuir’s contributions to various fields of science, emphasis 
must be placed not only on the direct significance of his work, but also on his 
creative methods and scientific viewpoints. Langmuir was a consistent atomist 
operating with definite atomic models and mechanisms.His investigations 
showing the immense productivity of this trend in theoretical chemistry were 
of great help in eliminating the remainder of the model-discarding energetical 
concept detrimental to chemistry. Organic coalescence of physical and chemical 
methods and concepts is characteristic of Langmuir’s works. Union of science 
and practice was as inherent to Langmuir’s ideas in our time, as to Lomonosov 
in the 18th and to Pasteur in the 19th centuries. Langmuir did not accept 
science and engineering as isolated domains of human activities; science and 
its application existed for him as a whole. Langmuir gave brilliant creations of 
laboratory and industrial apparatus designed on the basis of deep theoretical 
investigations. He assisted the development of new engineering branches 
based on theoretical analysis of empirical observations made in industrial 
laboratories.*® Suffice it to mention Langmuir’s atomic burner, his vacuum 
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diffusion pump, his contributions to radio engineering and applied meteor- 
ology. Few are the scientists possessing such a harmonious combination of 
gifts as theorist, experimenter, and engineer. The scope of his interests dis- 
regarding conditional boundaries between separate regions of science and 
engineering can also be met but rarely. His immense scientific grasp greatly 
contributed to the creation of new boundary domains of science and in partic- 
ular of chemical physics. Langmuir’s creative mind made him very popular 
in USSR even at the time of his first publications. A part of his works was 
translated into Russian and published in Soviet physical and chemical periodics. 

When visiting Soviet scientific laboratories and coming into personal contact 
with Soviet scientists at the time of the 225-year jubilee of the Academy of 
Sciences celebrated in Moscow and Leningrad, Langmuir made an exceedingly 
imposing and pleasant impression on all participants of the jubilee, the author 
included. Russian scientists recollect him with respect and heartiest feelings. 
The American people may be proud of Langmuir as of one of the most brilliant 
scientists of the 20th century embodying the best traits of the scientific genius 
of American people. 

S. Z. RoGInsky 
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ON THE PARTIAL RECOMBINATION 
OF DISSOCIATED GASES DURING COOLING’ 


List of symbols used in the equations 


The bracketed numbers refer to the equations in the text 


x 


*) 
Xo 


a 


de 


7a ome 


x 


rate of dissociation, chosen so that x < }; does not usually correspond 
to the equilibrium. 
equilibrium value of x at a given temperature T. 
value of x, corresponding to the temperature Ty. 
value of x for a stationary condition in a sealed vessel without flow of gas. 
complete recombination during cooling, i.e. the difference between x, and 
the value of x after cooling. 
absolute temperature before the cooling causing recombination. 
room temperature (abs.). 
k’ = reaction velocity coefficients, related not to the concentration, 
but to the rate of dissociation; k and k’ are defined by (1). 
n' = order of reaction in both directions, also defined by (1). 
time. 
relative increase in k per degree temperature rise, a is always positive; 
defined by (3). 
relative increase in x, per degree temperature rise; defined by (3). 
cooling velocity; degree per second, considered as constant. 
volume element. 
the volume of gas reduced to T, which is in the vessel surrounding the 
incandescent body. 
gas flow through the vessel (volume per second). 
coefficient defined in (24). 
heat loss per second from an incandescent filament per cm length re- 
duced by the radiation loss over the same length. 
heat conductivity of the gas. 
radius of a wire. 
distance from the axis of the wire. 
aq 
‘2ak * 


* Inaugural dissertation for obtaining the doctorate of the Hohen philosophischen Fakultat 


der Georg-Augusts-Universitat, Géttingen, presented by Irving Langmuir from New York. 
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_ Bq 
6 = Oak” 
f =a numerical factor, the ratio of the volume of dissociation products 


to the volume of the equivalent quantity of the undissociated gas, e.g. 
for water vapour, f = 1.5 since 2 volumes H,O give 5 volumes of oxygen 
hydrogen mixture. 


I. Introduction 

1. Object 
THERE ARE two general methods for determining the dissociation of gases. 
On the one hand it is possible to determine, at the relevant temperature, one 
property dependent on the dissociation such as density, light absorption etc., 
which occurs without disturbing the equilibrium, or on the other hand to analyse 
the mixture after the reaction velocity has been lowered to such an extent that 
no noticeable change takes place during analysis. This paralysis of the reaction 
occurs, for example. due to rapid cooling or removal of a catalyst. 

It is the purpose of this work to examine under what conditions the second 
method can be used, that is, to see how far the dissociated gases recombine 
during cooling. 


2. Historical 

The first observations in this field were made by Priestley and Cavendish 
(1775) when they examined the formation of nitric acid from air in an electric 
spark.! 

The conditions present here during cooling are so indeterminate that all 
such tests-can only give qualitative results. 

In 1864 Deville? discovered an arrangement by means of which he obtained 
somewhat better defined conditions. He examined the dissociation of inflam- 
mable gases by placing in the flame a silver tube through which water at reduced 
pressure was flowing. The tube had a small opening on its lower side through 
which the gas was taken in. When it came into contact with the cold silver 
and water very rapid cooling took place. Another arrangement was the well 
known “‘cold-hot’”’ tube. He studied in this way the equilibrium of the follow- 
ing reactions: 


2CO = CO,+C 
3S0, = 2S0,+S 
2HCI = H,+Cl, 


2CO, = 2CO+0, 
2H,0 = 2H, +0, 


1 Ostwalds Lehrbuch II, p. 518. 
2 Legons sur la dissociation, Paris 1866. 
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The temperatures given by Deville are naturally very inaccurate. It has 
become possible only in the last decade to determine accurately temperatures 
above 1000°. 

Le Chatelier! determined the specific heat and degree of dissociation of 
carbon dioxide from test explosions and by recalculation of Deville’s results. 
Until recently these were the only fairly reliable results on the dissociation of 
carbon dioxide. 

In Haber’s recently published book, Thermodynamics of Technical Gas 
Reactions, can be found a very complete summary and discussion of all impor- 
tant work in this field up to 1905. 

The equilibrium of the following reactions has been determined in the 
last few years: 

2HI =1,+H, 2 
CO,+H,=CO+H,O 
2SO, = 2S0,+0, & 
2NO = N,+0, s 
2CO, = 2CO+0, £ 
2H,O = 2H,+0, s 
2NH; = N,+3H, 7 


In each of these experiments the principle of paralysis of reaction has been 
used. 


II. Theoretical 


The methods, in which the principle of paralysis of reaction is used, can 
be divided into five classes. 


1. Cooling of Still Gases 

The gas mixture is heated in a sealed vessel and kept at a constant tempera- 
ture until equilibrium sets in. The vessel is then cooled and the gas is analysed. 
This is the simplest method but unfortunately can only be used in a few cases. 

The cooling velocity in this case is necessarily fairly slow and therefore 
it is obvious that the temperature must be chosen so that, on the one hand, 
equilibrium is attained in measurable time, and, on the other hand, is not noti- 
ceably changed within the required cooling period. Therefore the time for 
the equilibrium to be attained must at the least amount to hours and at the 


1 Zeitschr. phys. Chem. 2, 782 (1888). 

® Bodenstein, Zeitschr. f. phys. Chem. 29, 295 (1899). 

? Hahn, Zeitschr. f. phys. Chem. 44, 513; 48, 735. 

“ Knietsch, Berl. Ber. 34, 4069 (1901); Bodenstein, Zeit f. Elektrochemie 11, 373 (1905). 
5 Nernst, Gétt. Nachr. 4 (1904). 

* Nernst and v. Warstenberg, Gétt. Nachr. 1 (1905). 

7 Haber and van Oordt, Zeitschr. f. energ. Chem. 44, 341 (1906). 
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most to months. This velocity difference occurs with a rise in temperature of, 
at the most, 200°, if the velocity is doubled for a temperature rise of 10°. 

However it is very seldom that the proportions of the various components 
are favourable in this narrow temperature range. Since, in this arrangement, 
one is compelled to use small amounts of gas, the analysis of the minimum 
amount of dissociation products present is too inaccurate and it is necessary 
to use other methods. 

Only the experiments of Bodenstein showed that this method is very suitable 
for examining the dissociation of hydrogen iodide. 

The recombination on cooling is a fairly complicated process, but if it can 
be assumed that it is not too large compared with the total dissociation then 
it can be fairly accurately calculated by the following method. 

Conditions are similar to those which obtain during the cooling of molten 
glass where, on lowering the temperature, the tendency to crystallize increases 
due to increasing supercooling but where, at the same time, however, the ‘‘visco- 
sity”? increases even more rapidly. There is, therefore, a temperature at which 
crystallization has a maximum velocity. 

Similarly in our case the recombination velocity has a maximum because 
it depends on two factors, on the one hand on the ever-increasing distance 
from the equilibrium and on the other hand on the decrease of the velocity 
coefficient which has the opposite effect. 

Let the curve ORP in Fig. 1 be the dissociation curve of a gas. When cooling 
proceeds so slowly that equilibrium is maintained recombination will amount 
to RQ oncooling from 7, to T. On the other hand with an infinitely fast tem- 
perature fall the recombination will be zero. For all other cases a curve such as 
PVN is obtained. At every temperature 7 the recombination velocity depends 
on the distance from the equilibrium VR and on the reaction velocity coeffi- 
cient at T. 

The reaction proceeds in general according to the equation 


nyAi+n,Ay + +++ = mA,+nAet --- 


Given the equivalent concentrations a,, a, etc. of the components Aj, A, 
etc., the reaction can, according to the law of mass action,! be represented by 











dc 
no ky (a—c)” —Rkyc™ 
where 
c ¢. 
¢ 2... n=nt+n+-:- 
ny Ng 
a a 
ae ee SE n’=njt+nj,+--- 
ny ng 


1 Nernst, Theoretische Chemie, p. 534. 
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Let x be the rate at any given time, at which the transformation is effected. 
Then x = c/a. When only one type of molecule is present on the left-hand 
side of the reaction equation x is equivalent to the rate of dissociation. For the 
sake of brevity we shall refer to x from now on as the rate of dissociation although 





0 x, 0 ax 
zoo —_ 
dt 
Fic. 1. 


x has a much more general meaning. If we insert c = ax into the above equation 


we obtain 
dx 


dt 
where k’ and k are new constants. 

In most cases x is approximately 0 or 1. When x > } we replace x by 1—x and 
obtain an equation of the same form in which x is smaller than }. For the sake 
of simplicity we limit ourselves to the most frequent case where x is small com- 
pared with 1. The following derivations are only accurate if, for example, x is 
not greater than 0.1. 

If x, is the equilibrium value of x at a given temperature 7, then from (1) 


dx|/dt = k(xt—x") (2) 
Now k and x, are functions of the temperature, which can be calculated 
from van ’t Hoff’s! formula. For our purposes it suffices if we can find interpola- 


= k(1—x)"”—kx" (1) 


1 Nernst, Theoretische Chemie, IV Ed. pp. 629 and 656. 
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tion formulae which are accurate only over a comparatively small temperature 
interval. Such approximation formulae are 
k= hye tte-D xy = xe TD (3) 


where a and # are assumed constant. 
a and £ are the relative increases of k and x,, per degree temperature 
rise. 





dink A 
a= TT. (4) 
po fins = —ekeeene 6 


This follows from van ’t Hoff’s formula. Since (n—n')RT is usually very 
small compared with q it can be seen that a and 8, strictly speaking, are inver- 
sely proportional to the square of the absolute temperature. 

The largest part of the recombination occurs in most cases within a tempe- 
rature interval of at the most 100°. When applying these formulae it in no way 
implies that x is accurately described but only that x,—x, does not deviate 

“very much from the true values in the small interval. I find from experiments 
on the dissociation of water vapour that x»—x, can be calculated from (3) with 
a maximum error of merely 4% over an interval of 200°. The corresponding 
error in the calculated recombination would be much smaller. The case of the 
dissociation of water vapour is the most unfavourable one because the heat 
of the reaction and therefore the slope of the dissociation curve is very large. 

We now assume that the cooling over the interval in question is linear, there- 
fore 

[T.—T = st] (6) 
where s is a constant. 

If we insert (6) and (3) in (2) we obtain 

& = hye" (xge7"?* — xr), (7) 

We shall now consider the problem where at a temperature 7, a gas is in 
equilibrium and is then cooled at a linear velocity. 

It is necessary to differentiate between two cases. First when the recombi- 
nation is very small compared with the initial dissociation x. Second, when 
this is not the case. 

First case. — Since x hardly changes during the cooling, we can, without 
introducing any appreciable error in dx/dt, insert x as a constant and equal 

to x, in (7). Therefore by integration we obtain 


xX, x Ryxt { (etait ate (8) 


x 
° s 
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“The whole recombination, i.e. the recombination up to a temperature where 
the reaction velocity is no longer significant, is obtained when t = oo is inserted 
in (8), therefore 

— Foxd nB 
(Xi)oo = “s “a(atnp). (9) 

If the assumption that the recombination is small is not valid, this equation 
gives us values for the recombination, which are always too large. 

Second case. — The recombination is not small compared with x). We can 
consider equatio (8) nas a first approximation. If, instead of x, we insert x»>—X, 
in (7) we generally obtain a better value than if we insert x,. By integration 
of the new equation we then obtain the second approximation X,. x)»—X, is 
inserted in (7) instead of x and, by integration, an even better value X, is ob- 
tained. We can shorten the calculation in the following way: 

Let X, be the p* approximation; in order to obtain the (p+1)"*, we insert 
x% = x9—X, in (2). 

dx 
G = Rt (%9—X,)) (10) 
now 
(xp—X,)" = x§—nxp-1X,+ ete. 


For n = 1 the third and following terms are equal to zero; for larger values 
of we can ignore them if the recombination is not too large. 
We then obtain from (10) 
t 


Xi. = X,— fhnxt Xd. (11) 
v 


By successive application of these formulae we find for the whole recombi- 
nation after cooling to the usual temperature, 


co co t 
= (X,)a— fAXdt+ f Adt [AX ,dt—ete. (12) 
oO 0 0 


where 
A = kynxje-™" 


Therefore X can be found to be an infinite series in which the p term is 
a simple integral in (p—1). Integration is possible for every term, and, although 
the expressions become very complicated after one or two integrations, it will 
be found that by inserting the limits 0 and oo the individual terms become 
very simple. A regularity is shown in the coefficients so that the p** term can 
easily be found. In this way we obtain 





(13) 


x= Bpss| 1 FMI oe) “+1 


a(a+nB)  2a*(2a-+nf) tpi a°(pa+np) 
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where 


nxt—lky 
s 


B= 


This series is convergent for all values of a, B, and B. 

If we start from (1), without making the assumption that x is very small 
compared with 1, the calculation becomes much more complicated, but on the 
assumption that recombination is not too large and that x < } we finally obtain 
an equation which only differs from (13) in that B has the value: 








B Roxe-t {rsetat =| (14) 


s 1—x, 


Calculation of the temperature at which the recombination velocity is a maxi- 
mum. — If we insert x = x, and st = T,—T in (7) and differentiate with 
respect to T and put the result equal to zero we obtain for the temperature, 
which at the dx/dt is a maximum, 





ennaine—r) _.__ 
a+np 
therefore 
+n 
nB(T,—T) = In . = B : 
Since B is small compared with a, it follows approximately that 
1 
1,—T, = = (15) 


T,, = temperature where dx/dt is a maximum. If k is doubled for every 10° 
temperature rise (therefore a = 0.07) then 7,—T,, = 14°. 

It is worth noting that 7,—T7,, in no way depends on the nature of the 
reaction, only X must be small. 

We should now like to calculate how large the recombination is on cool- 
ing from 7, to 7, compared with the whole recombination on cooling 
to the usual temperature. We obtain from (15) and (6) 


_ TT 
cease Fm aes 





78. ‘ 

We insert this value in (8) and develop the term e «” which then occurs 
in a power series. If we ignore (nB/a)? etc., compared with unity we obtain, 
in a similar way to (9), 

x 


ma ee (16) 
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Tape I 





a \ifa = 0.07'ifa = 0.03 
(%1)co | T,—T | T—T 





| 

rs | 
1 02 | -14 | 33 
2 0.59 28 67 
3 0.80 B 100 
4 0.91 57 133 
6 0.98 86 200 
7 | 0.995] 100 233 





In Table I the values of this ratio are given for a series of values of y. 
On cooling to 7,, y is equal to 1 and the required quotient is 0.26. 

Therefore if k is doubled every 10° (a = approx. 0.07) 91% of the recom- 
bination is completed during the first 57° cooling, if the latter is linear. 
It can be seen that over this comparatively small interval the assumptions, 
eg. s = constant, can be valid even in the observed cases. However at high 
temperatures k does not usually increase so quickly with the temperature, 
but the interval is nevertheless a comparatively small one as is shown in the 
last column. 

Dependence of the recombination on the initial temperature T,.—If X is 
very small we obtain from (9) and (3) 


XK (BV (TE (TB) eaanin-rs 
sX — Ry Ty To 
2. Flow through a Tube 

This method was successfully used by Nernst and treated theoretically 
by him.’ The gas flows into a vessel at a high temperature and from this into 
a capillary, in order to obtain a rapid cooling. On choosing vessels which are 
sufficiently large a temperature interval is always found at which equilibrium 
sets in and is not noticeably changed during cooling. Since any quantity of 
gas can be allowed to flow through, the analyses, in most cases, of even only 
traces of dissociated gases are very accurate. This method can be more general- 
ly applied than the others. — 

The calculation in the last paragraphs can naturally also be applied to this 
arrangement. If the experimental conditions are known the recombination 
can be calculated in order to determine X, & or a. 

3. Explosions 

Le Chatelier determined the dissociation of CO, by exploding CO and O, 
and measuring the maximum pressure. He determined the dissociation from 
the deviation of these values from those calculated from the heat of reaction 
and the specific heats. This method does not however depend on the paralysis 





1 Gott. Nachr. 4 (1904). 
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of the reaction. This is however the case for those experiments where the deto- 
nating gas only serves to bring the mixture to a high temperature and the 
dissociation is determined not from the combustion products but from 
a gas which is added in small amounts.! 

In general the observed value of the dissociation in an explosion of this 
kind will be different from the value of the dissociation which corresponds 
to the equilibrium at the maximum temperature of the explosion. The problem 
now is to determine how large the difference is between the two values, and 
to ascertain whether it is possible to design the experiment in such a way 
that this difference becomes very small. 

In order to illustrate the method which can be used here, we will consider 
an arbitrary example: 

We assume an ideal explosion: after ignition the temperature rises instan- 
taneously to the maximum, 7), remains constant there during the time to, 
then falls quickly, at first at a constant velocity s degrees per second. 

We should like to consider the case of the formation of nitric oxide during 
a detonating gas explosion. Then 2 = 2 and 

dx 


“ie mR) 


therefore 





_ 1 XotXq 
Rty = on oe (17) 
x, is therefore the dissociation after the time ¢,. During cooling x changes. 
If this recombination is not too large, we can calculate it by inserting 
x = x, in (7) and by integrating between 0 and oo, therefore 


hyxgt (479A) ()-« 
s watnp) 


From Langen’s? explosion experiments it can be inferred that during an 
explosion of H,, O, and Ng, in which the maximum temperature was 2010° 
(abs.), to was, at the most, 0.003 seconds and s was 4500° per second. 

Since the bomb used by Langen was 40 cm in diameter the cooling velocity 
was smaller than in those experiments using smaller vessels. For our example 
we assume that 











X = (x,—x)co (18) 


s = 25,000, t = 0.003 at T= 2000° 
and that s incrcases in proportion to Tf. 
1 Cf. Nernst and Finckle, Zeitschr. f. anorg. Chem. 45, 116—131 (1905) concerning litera- 


ture and experiments with H,, O, and NO. 
? Verein deutscher Ingenieure 8, 31, Fig. 81 (1903). 
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As will be shown later on page (49) k can be calculated approximately 
from Nernst’s data: 


logio Ry = 9.97—17,500/T at atmospheric pressure. 


Now &, is proportional to the pressure; at 2010° the pressure was 7.3 atmo- 
spheres. Therefore during the explosions 


logig Ry = 10.82—17,500/T,+log,. T,/2000 
a = 42,500/73. 
Again from Nernst’s results we can calculate: 
B = 10,600/73. 


We now want to know how much x, and X change when the temperature 
of the explosion is changed (e.g. by a variation of the amount of detonating 
gas). For this purpose we insert the above values for k, x9, a and £ in (17) 
and (18) and consider T as a variable. These results are given in Fig. 2. 

The curve x, shows the dissociation during the time t,, for explosions 
of different temperatures. The curve x shows the dissociation after cooling 
to temperatures where the reaction velocity is no longer appreciable. Natural- 
ly the results are not claimed to be accurate because the data are too uncertain; 
however, they do show us what the curve for x is like. 

There is, therefore, no temperature at which x is equal to x , but there 
is one at which x,—x is a minimum. One part AB of the curve x must, however, 
agree with van ’t Hoff’s equation because the tangent between A and B is ap- 
proximately parallel to that of the curve xp. 

4. Electric sparks and arcs 

The electric spark offers us the largest and most sudden temperature gra- 
dient, if not the highest temperature, which we know. In most cases the effect 
of the spark is a pure heat effect. 

If sparks are made to occur in gases changes are found which are very far 
removed from the equilibrium at temperatures which are known to us. 

For example, Muthmann and Hofer’, with an electric arc, have obtained 
a 2.6% decomposition of CO, into CO and O, and under similar conditions 
have obtained a 4.3% yield of NO from air. Nernst has shown (Joc. cit.) that 
these percentages are obtained at 1830°C and 2900°C respectively. There is 
no real ground for assuming that the temperatures of the arc are the same in 
different gases; it is, however, certain that they are in no way as different as 
these figures might seem to imply. Rather it is probable that, although the 
gases remain in the arc for an extremely short time, at least in the case of CO,, 
on account of the colossal reaction velocity, recombination occurs. But 
even with the formation of NO the quantity of NO is nowhere near that which 


1 Ber. deutsch. Chem. Ges. 36, 438 (1903). 
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should be obtained at the highest temperature of the arc, but rather that 
obtained at a mean temperature, because when the reaction velocity increases 
steeply with the temperature, a point would be reached well below 2900° 
where recombination is large. When there is a slowly increasing velocity the 
larger volume of the colder parts of the arc would cause a strong recombination. 


26 
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Fic. 2. 


It would seem that the conditions are so complicated that we cannot really 
say more than that the temperature of the arc is at least higher and probably 
much higher than that which would be associated with the observed dissocia- 
tion. 
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In simple arrangements the processes which occur in arcs can best be com- 
pared with those which occur in association with incandescent filaments. 
5. Cold-hot Tubes, Incandescent Filaments, etc. ; 

With this method a very hot body is placed in a chamber where the gas 
is kept fairly cold. Deville, who could not use electrical heating, heated a tube 
from the outside and cooled the gases by passing water through a second tube 
placed concentrically. Using today’s experimental techniques this experimental 
arrangement can be improved by placing an electrically heated incandescent 
metal wire or, for example, a Nernst lamp in the gas chamber. 

In general the temperature gradient is very large, and the gases are in 
very rapid motion, but in the close proximity of the hot body, where the 
internal friction of the gas is greatest, diffusion plays an important role. 

If the reaction velocity is not too great these two processes, convection 
and diffusion cause, in part, a balancing of the dissociation so that an excess 
of dissociation products occurs in the colder parts and a deficiency, therefore, 
in the hotter parts. Nernst has formulated the differential equations for the 
case where this balance is caused solely by diffusion. 

If the reaction velocity is small compared with the combination velocity 
so that the concentration is not noticeably different at different places, the 
problem can be solved in the following way without considering diffusion 
or convection. We assume that the dissociation is small and catalysis does 
not occur at the solid bodies; therefore from (1) 

id = k'—hx" = k(xt?—x"). (19) 

Let us imagine the chamber is divided into small volumes de. Let g be 
the volume of gas that flows through de per second, T, the room temperature 
and T the temperature within de. The gas remains for a time de/g in de and 
since this time and the change in x are very small dx/dt can be considered con- 
stant. The increase in x is therefore 


j de 
x—x = iG ao ee 


The quantity of dissociated gases, which occurs per unit of time, is (ex- 
pressed in volume, which is reduced to room temperature) 


ff Reta") Fi de. (20) 


f.is a numerical factor, the ratio of the volume of the dissociation products 
to the volume of the undissociated gas. 


1 Boltzmann, Festschrift 1904, p.904. 
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The case is important in the applications where the hot body is enclosed 
within a vessel. Let V be the vohime of gas, reduced to T, which is enclosed 
in the vessel and u the quantity of gas (volume per second) flowing through 
the vessel; then after dividing by f we have 


de dx : 
7, { Kat—2)F = VS tue. (21) 


When a stationary condition is attained and u = 0, x assumes a limiting 
value x... Since, by assumption, x is approximately constant in the whole 
chamber we have 

dx 


A(x%—x") = Vo, tue (22) 
and 
Hist = 7, f pd (23) 
where 
H=T, if = de " (24) 
if u = 0 it follows from (22) 
for n= 1 t= Jyin Hoe (25) 
V Xotx 


for n= 2 t (26) 








H is very similar to k, in that H occurs in equations (25) and (26) in 
exactly the same way as k in the equations of the chemical kinetics of a homo- 
genous and isothermal system.? 

If the temperature field and also & and x as a function of temperature are 
known the problem of recombination for this case is solved. 

In electrically heated incandescent filaments the heat loss from the hot 
body is known from the current and voltage. If the radiation loss, which can 
be calculated in most cases, is subtracted, the quantity of heat is obtained which 
is lost through conduction and convection in the gas. Now, according to the 
kinetic gas theory, the internal friction of a gas increases with the square root 
of the absolute temperature; the force responsible for the motion of the gas 
which is proportional to the difference in density between the hot and cold 
gas, increases only very slowly at high temperature. Therefore in close proxi- 
mity to the filament the flow is small and the heat is carried away almost 
solely by conduction. 

Now in order to have some idea of the thickness of this layer we can con- 
sider the following example: 


1 Cf, Equations (17) and (26). 
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A long, vertical tube of radius a, contains a wire of radius a. The tube 
contains air at a temperature 7, which as a result of the small density, rises 
with a velocity which is a function of the distance from the axis of the wire. 
If go is the density of the air at room temperature T, and g is the accelera- 
tion due to gravity, then the velocity U of the air current at the distance r 
from the axis is given by 


oe (ae mele) 








a 


where n is the coefficient of the internal friction which at 1200°C amounts 
approximately to 5.10- (C.G.S. units). 


In the case a, = 0.3 cm 
a = 0.003 cm 
T = 1000° 


and the velocity in C.G.S. units for air 


for v= 0.003 0.004 0.006 0.012 0.02 0.06 0.14 0.22 0.30 
U= 0 1.56 3.7 5.9 10.2 15.3 15.4 10.0 0 


It can therefore be seen that the layer in which the gas moves only very slightly 
is at the most 0.001 cm thick. 

It seems, however, as if the heat conduction alone is important up to a dis- 
tance r = 0.02 cm. It is highly probable that at very high temperatures, e.g. 
2200°, the movement of the gas in close proximity to the wire does not notice- 
ably increase but perhaps even decreases, whilst at the same time the heat 
conductivity of the gas has very much increased. Therefore, even at a dis- 
tance where the movement is fairly large the conductivity will outweigh it. 

Therefore, up to a distance of the order of a few tenths of a millimeter from 
the incandescent bodies the heat loss may be assumed to be due only to 
radiation and conduction. 

If q is the conduction loss per unit length, K the heat conduction coefficient, 
athe radius of the wire, 7, its temperature, then the temperature T at a dis- 
tance r from the axis of the wire is given by 


ee | w. 
T.—-T = 50, In (27) 


In order to apply the equations (22), (23) and (24) to the case of an incandescent 
filament, we put 


de = 2avldr 


* For air K = 27.10-* at 2300° abs. and K = 4.7-10-® at 273° abs. 
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where / is the length of the filament; from (3) and (27) it follows that 


k=hy or ie In ria =n(z) 





7 f 
nba In r/a r\~* 
xP = xge m2 = =x(Z) (28) 
where 2 
a aM — 7d 
Y= tye? ° oak 
and from (23) and (24) 
oo —y—d+1 
n — Qnatlkox” BA a(— 
Hx", = 2na inet f (3) a(£) 
(5) Ce 
H = 2na’lk,T, pe : ar (29) 


If T is replaced by a value which is somewhat smaller than 7, and is con- 
sidered as a constant, an error not much greater than e.g. 5% will be intro- 
duced. Now y is always positive and so that the assumption that recombination 
takes place almost exclusively in a thin layer should be valid, 2—y and 2—y—6 
must be negative. Therefore, by integration of (29) 





, _ 2na*lkyx§ T, 
Hxj = y+b-2 T (30) 
_ 2natlk, T. 
ara ee (31) 
and by division 
(= Pes Ree (32) 
Xo y+6—2 


(31) and (32) with (22) therefore contain the complete solution to the problem 
of the dissociation around an incandescent filament subject to the following 
assumptions: 

1, The dissociation x is small compared with unity. 

2. The reaction velocity is so small or the diffusion or the convection 
are so large that x»—x vary by only a few per cent in the whole vessel. 

3. The velocity coefficient k decreases so rapidly with the temperature that 
the whole reaction takes place in a layer of the order of a few tenths of 
a millimeter. 

4. No catalysis takes place at the filament. 

We can easily adapt the equations (30), (31) and (32) so that they can also 
be used when the incandescent body forms part of a flat surface or even 
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a cavity. If we call @ the temperature fall per cm at the upper surface of 
the body itself, we obtain by differentiation of (27) 


eo -(%)- Taka 
therefore from (28) 
y=aa0; b= npad. 
If we make the surface of the cylinder (2zal) equal to w, it follows from 
(30) ete. 
okgx§T, 








Hiss : aes ary (30a) 
Hs : a (31a) 
(=)- —s Gy 


In the case of a plane surface one has only to put a = co 

In the case of Deville’s cold-hot tube where the outer tube is heated and 
the inner one remains cold it is only necessary to replace a by —a. However, 
the equations are only properly valid in two cases: either the cooling effect 
must be so strong that, as before, the reaction takes place only in a thin layer, 
or it must be so small that convection no longer plays an important part. The 
fact that the equations are valid in this latter case is obvious from a conside- 
ration of the limiting case where there is no cooling effect; then 9 = 0, T= Ty 
and from (31a) we obtain 


and from (32a) 
Xoo = Xp. 


Minimum value of recombination. — It can be seen from (32a) that when 0 
grows x,./%) approximates to a definite limit. We obtain this when @ = co 


therefore 
(22) eee. oee 
x /m  atnp 


2 Langmuir Memorial Volumes I 
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or since f is usually small compared with a, we obtain an approximation 


(z=) _ a 
Xolu at Bp" 
The absolute value |x.—(x.),| is therefore the smallest possible value of the 
recombination, with these assumptions: 

1, That x, is small compared with unity. 

2. That the hot body has everywhere a convex surface which is not porous 
and has no catalytic effect. 

The assumption 2 (p. 27) is not applicable since x varies greatly with 
position thus causing the recombination to become even larger. 





Incandescent filaments with catalytic action. — In the previous derivations 
it was assumed that the incandescent body has no catalytic effect on the reacting 
gases; however, it is often the case at high temperatures that the heated body 
accelerates the reaction catalytically. If this effect is strong enough the gas 
on the upper surface itself will always be maintained in equilibrium; then 
it diffuses towards the colder parts where some recombination occurs. The 
conditions correspond accurately to the assumptions which Nernst made in 
his work concerning ‘chemical equilibria and temperature gradients’’ (loc. cit.). 

However, Nernst only considered the case of diffusion in one direction; 
since in this case diffusion takes place in all directions about one axis, the 
formulae must be derived differently. Since for our purpose an approximate 
value for the recombination suffices, we will assume that the diffusion coef- 
ficients of the different dissociation products are equal and that in addition the 
recombination is small. 

Fick’s Law states 


ds = —Dq-% at 


If we calculate in the C.G.S. system then ¢ is the mass of the dissociation 
products per cm? of the gas. 

Let us imagine a cylinder of unit length and radius r placed round a wire. 
The quantity —D2xrdc/dr per second goes through its outer surface. 
The quantity 

dc d dc 
Doar — 2a pr) ar 
diffuses through a cylinder of radius r+dr. 
Therefore there remains in this volume element an excess of 


d[, d 
E= 2a (Dr )ar (34) 


Google ve 


Partial Recombination of Dissociated Gases during Cooling 19 


So that a stationary condition may exist this quantity must disappear through 
recombination. Now 
dx at 
ae R(x?—x"). 

By assumption, recombination is small, therefore, in order to calculate dx/dt 
we may assume that x is a constant and equal to x, throughout the whole 
space. 

The quantity of dissociation products which disappears per second, is 
therefore on the other hand 


E = ok(x8—x?)2nrdr (35) 


where @ is the density of the undissociated gas. 
Since ¢c = ex it follows from (34) and (35) that 








d dx 
(or = k(x?—x?)r 
now from (28), if one puts r/a = y, 
By integration and division by y we obtain 
dx ylre —yle 
2 nm “ 
D dy thst} poe (36) 


The integration constant is 0, since for y = co, dx/dy =0 and 2—y and 2—y—6 
are negative. 

D is proportional to the square of the absolute temperature but because 
the temperature interval in question here is only a small one, D can be consi- 
dered constant. Therefore by integration of (36), noting that on the outer 
surface of the wire x = x, and y = 1, we obtain 


D 1—y*” ° 1-8 
@kag OO *) = Goa Gpenaye (37) 








where 
r 
J 


At greater distances from the wire where recombination no longer occurs 
the dissociation is x... The value of x. is obtained from (37) if one puts r, 
hence y = oo: 








D 1 1 
ahaa 0 *~) = oe Goa (38) 


2 
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As a first approximation 


D __+28 
Ghee, *0—*e) = Gop 


Il. Experiments with Electrolytic Incandescent Bodies in Air 


Clement’s! experiments showed that when air is passed over an electrolytic 
incandescent body no trace of ozone appears although there are considerable 
quantities of nitric oxide present. The numerous reports which have appeared 
concerning the formation of ozone at high temperature can be attributed to 
a confusion of this with NO,. 

Prof. Nernst suggested to me that I might examine in more detail the for- 
mation of nitric oxide in the proximity of the filament. 

For this purpose four pre!iminary tests were made. Air dried by means of 
concentrated H,SO, was slowly passed over the vertically mounted filament 
of a Nernst lamp. This was placed in a water-cooled glass tube, 1.5 cm in 
diameter. The NO, formed was collected in a spiral tube filled with concentra- 
ted H,SO,, and determined by Lung’s method which is described in more 
detail later. 

The air flow velocity u was kept constant and the air volume measured 
by the consumption of water in the gasometer. 


Tasie II 
Temperature Approx 2420° (abs.) 





Duration | 





of Liter gies eer = ae 
experiment: | Air ec. Air ce. N' Per | 1000 
hours per sec | liter of air 
\ 
1.5.2 | 200] 1.07 0.34 0.36 


Ill. 6.3 3.0 | 0.132 2.70 0.36 


Il. 7.3 9.0} 0.343 | 147 0.40 
Iv. 21 | 10] 0.132 | 3.30 0.44 





The temperature was not determined in this case but it was estimated by 
a comparison with other filaments used under similar conditions. 

Table II gives the results of these four experiments. The current through 
the filament was 0.50 Amp. 

It can be seen that x is still very far removed from the pseudo-equilibrium x.., 
which would be obtained with an infinitely slow flow. This is due to the fact 
that x changes greatly with u. The fact that the distance from the equilibrium 
is still very large follows further from the fact that ux, i.e. the amount of NO 


} Drudes Ann. 14, 334 (1904). 
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formed per second, is almost constant. These figures for ux also show how 
remarkably slowly the reacti onoccurs. Only 1.4 cc. is formed in one hour. Accor- 
ding to Nernst (loc. cit.) x, at 2400° is equal to 1.4%; therefore 1.4 cc. NO 
would be obtained if only 100 cc. of air per hour were brought approximately 
into equilibrium. 

It is obvious that with small flow velocities which are necessary for obtaining 
an approximation to x,., the time would become inconveniently long for suffi- 
cient NO to be formed for an accurate analysis. A long experimental period 
should also be avoided because the filament has a comparatively short life if 
it is used at other than normal currents. 

Since, in order to obtain certain quantities of gas near to the equilibrium, 
much more time is needed in flow experiments than those with still gases, the 
next experiments were carried out in a sealed flask with a capacity of approx- 
imately one liter. 

However, I felt that even these experiments would meet with many diffi- 
culties. The flask would have to be absolutely tightly sealed and cooled under 
water. Cork and rubber bungs could not be used. The opening of the flask 
required for the heating of the filament, the drying of the flask and the removal 
of the air containing the NO, for the analysis were also inconvenient. 

In the final experiments I therefore first returned to the flow methods. 


Experiments in which Air is Passed over a Nernst Filament 

The apparatus consisted of a small vessel of volume 68 cc. and made only 
from glass and platinum. The ground-glass joint was sealed with mercury. 
After the filament has been brought to incandescence the whole apparatus 
was placed under water for cooling. Details of the experimental arrangement 
are shown in Fig. 3. 

Air flow. — Since the air flow had to be extremely small, a mere 6 to 100 mm’ 
per second, and be very constant a control device was required. This was effe- 
cted by using capillary tubes of which a whole series was made. A mercury 
regulator (Fig. 3) was most suitable for maintaining a constant vacuum. By 
lifting and lowering the projecting glass tube the vacuum could be maintained 
at any value between 0.5 and 5 cm of mercury. This pressure only changed 
by a fraction of a millimeter when the suction of the pump varied between 
very wide limits. In this way the air flow remained extremely constant and 
could be altered at any time to any desired value by changing the capillary. 

The measurement of the quantity of air which had passed through was effe- 
cted by reading off the volume of water present in the flask B. Flask A served 
to keep the pressure in B constant and equal to atmospheric pressure. 

Control of the magnitude of current in the incandescent filament. — Since the 
voltage of the mains power supply was not at all constant (variations of 20% 
were not uncommon) and no other source of current was available above 
200 volts, the current had to be regulated. 
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The current could be maintained constant to within a few milliamps by 
using two Nernst iron rheostats connected in series. It was shown that these 
only regulated well at a certain current. In order, nevertheless, to be able to 
change the current passing through the filament a large resistance 500—10,000 
ohms was connected in parallel with the lamp and ammeter, so that the current 
through the lamp could be reduced without changing the current in the iron 
resistance. 


To the 
Air Pump 





Fic. 3. 


It was assumed that at these high temperatures the filament would behave 
as a black body. It will be seen that this is a good approximation in this case 
from the following: At red heat the energy radiation from platinum is less 
than 10% of the radiation from a black body whereas at the melting point of 
platinum it is almost 50%.! Therefore, as the temperature rises, the emissivity 
of platinum gradually approaches that of a black body; since we can say, in all 
probability, that the emissivity of the filament always lies between that of pla- 
tinum and that of a black body it follows that at a very high temperature the 
filament will have almost the same brightness as a black body. 

If the brightness of the filament were only 75% of that of a black body the 
error in the determination of the temperature would only be 52°. 

Lummer and Pringsheim? have found, by using a very reliable method, 
that the temperature of a Nernst filament under normal conditions must lie 
between 2200 and 2450° (abs.). With the filaments used in our experiments 
the temperature is calculated to be on average 2395°, assuming black radiation 
and normal current loading (0.50 amps.). The determination of the tempera- 
ture cannot therefore contain any great error. The ammeter connected in series 
with the filament was carefully calibrated and had a scale which was divided 
into hundredths of an amp. 


1 Lummer, Elektrotechn. Zeitschr. 36, 809 (1902). 
2 Verh. der Dtsch. Phys. Gesellschaft, 111 Jahrg. 4, 36. 
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Temperature of the filament. — The filaments were kindly placed at my 
disposal by Prof. Nernst; I am also grateful to him for information concerning 
the brightness of each filament in Hefner candles for currents between 0.35 
and 0.60 amps. The brightness divided by the length times the diameter of 
the filament in millimeters (after measuring with a cathetometer) gives the 
brightness per mm?. 

According to E. Rasch? the brightness of a black body is yy, in Hefner 
candles per millimeter® 


oo 


T—206" ) 
Pur =e 


from this the temperature is given by 


T= 11,600 
5 + 620—logsoPux” 

The determination of nitric oxide. — Lung’s method was used and the experi- 
ment was carried out in the same way as that described by Nernst®. In all expe- 
riments a correction was made for the solubility (3%) of nitric oxide in con- 
centrated sulphuric acid and during the shaking over mercury care was taken 
that the pressure in the tube approximated to atmospheric pressure. These 
measures were necessary because the volume of H,SO, was sometimes five 
times as large as that of NO. It was shown to be necessary to use a second absorp- 
tion spiral because the second one usually yielded 5-10% of the amount 
of NO in the first one. With very small amounts of NO only a trace of NO or 
even none at all was found in the second spiral, and it was assumed that 5% 
of the amount found in the first spiral would be found dissolved in the acid 
of the second. The nitrometer was carefully calibrated. The analysis should 
be accurate in each case within 0.1 to 0.2 cc. and for small amounts (less than 
2.0 cc.) considerably more accurate. 

In the experiments the filament was first heated and then without the 
absorption spiral a fairly rapid air current was passed through for 15 mins, 
in order to remove the last traces of moisture. Then the air flow was 
reduced to that value which was to be used in the experiment and only 
then was the spiral attached. The absorption of NO, should not actually begin 
until the stationary condition is reached, but, in order to save time, this was 
not done and a small correction of 2-5% was made which can be calculated 
from (22). 

The results of these experiments using air flow are given in the following 
table (III). 


1 Ann. d. Physik 14, 193 (1904). 
3 Gétt. Nachr. 4, 1904. (Experiments with iridium ovens). 
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Taste III 
Current — 0.5 Amp. Temperature T, = 2373. 
Filament No. 5 
Duration of | 
Experiment | experiment: | °° u —- | :1000x 
br NO | 
22 13.6 3.75 | 0.0294 2.37 
23 5.5 2.97 | 0.116 1.32 
25 28.0 2.23 | 0.0057 3.98 
26 13.3 2.74 | 0.0156 3.67 
27 4.05 1.60 | 0.050 2.37 





Experiments with Still Air 

The apparatus in Fig. 4 consists of a flask of vol. 1270 cc. The glass stopper 
had five holes, three for the current and two for air. A glass cylinder was placed 
round the wide neck of the flask and the space between the neck and the tube 
was filled with sealing wax. Mercury was poured as a seal into the channel thus 
formed. The supply wires were enclosed in glass tubes and the connection to 
the filament was platinum. In order to be able to heat the filament without 
opening the flask a heating spiral of porcelain and platinum was used. A glass 
tube extended to the bottom of the flask to facilitate the removal of the gases. 

In order to avoid heating the flask with the consequent increase in pressure, 
the whole apparatus was immersed in a large beaker and sprayed with water. 
The amount of heat dissipated by the filament was so considerable that the 
still water in the beaker almost reached boiling point after a few hours. 

After the flask had been sealed and immersed in water, 10 to 20 liters of dry 
air were passed through so as to remove any traces of moisture. It was shown 
that very small traces of water vapor caused a condensation of nitric acid and 
therefore led to erroneous results. 

In the experiments the temperature of the cooling water was first measured 
and the stop cocks on the flask opened in order to obtain atmospheric pressure in 
the flask. Then approximately 100 cc. air were drawn out by means of a gas burette 
and the lamp switched on. After some time, as a result of the heating, the pres- 
sure again rose above normal and some more air was removed until the tem- 
perature remained constant. In this way the pressure in the flask was approx- 
imately atmospheric pressure and the quantity of air learned. After the end of 
the experiment, when the current to the lamp had been cut off, a slow air flow 
was drawn through the apparatus and the absorption spiral. Theoretically if 
the gases in the flask have been well stirred or have become homogeneous 
due to diffusion the amount a of NO remains after 6 liters of air have passed 
through, 

a=ae"’, 
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a, is the amount of NO originally present. In order to remove 99% NO, 4.6V 
= 6 liters air must be passed through. Experiments showed that after only 
4 liters had been passed through, the removal of NO was almost complete. 
However, 6 liters were always used. In the following tables 

p = pressure in the apparatus during the experiment in cm Hg 








V = Volume of air in the vessel reduced to 20°C and 76 cm pressure 
t = duration of the experiment in hours 
NO = cc. of NO reduced to 20°C and 76 cm. 
Taste IV 
: Current | ! | 
Expe- Filament through Temp. ? v t NO | 1000x Remarks 
riment No. filament T cc. hr ce. 
32 8 0.423 | 2320 | 76.0 | 1170 | 36.2 2.76 | 2.36 | 
33 8 423 2320 | 76.8 | 1145 | 12.7 2.27 | 1.98 | 
34 8 422 2319 | 75.0 | 1160 | 42.7 2.66 | 2.30 
35 8 495 | 2395 | 74.5 | 1140 | 4.37] 3.69 | 3.23 | 
36 8 492 | 2392; 75.3 | 1150 | 36.5 7.32 | 6.36 
37 8 497 2397 | 75.3 | 1150 | 16.9 8.60 | 7.47 | 
38° 8 { 418 | 2311 | 74.7 | 1140 | 3.82] 1.99 | 1.75 | Current varied 
39 8 - - - - -\- - Filament burnt out 
40 9 453 | 2358 | 72.4 | 1110 | 21.1 | 3.98] 3.58 
"1 9 473 | 2380 | 74.0 | 1130 | 21.0 | 5.01 | 4.43 
42 9 511 | 2426 | 72.5 | 1095 | 17.6 | 8.01 | 7.30 | Filament burnt out 
43 9 - -|/- - - - - 
































* In experiment 38 the voltage was so low that it was not sufficient to allow the iron series 
resistances to function satisfactorily. The current varied between 0.400—0.431 amps. Therefore 
the temperature varied between 2289°—2327°. 


It should be noted that after a few experiments the filament is used up and 
consequently the temperature rises for a given current. The values for x there- 
fore become too high; for this reason experiments (37) and (38) must be rejected. 
(42) however gives a good value because the filament had not yet been used up. 
In 43 it burned out due to an error in the mounting. 

Experiments 28-31 had to be rejected because the filament (No. 7) was 
very uneven, so that from a rough calculation temperature differences of 130° 
between the thick and thin parts would occur. The other filaments were much 
more even. 


Calculation of Results 
The experiments 22-27 were all carried out at the same temperature, there- 
fore equation (22) can be applied 


H(xX—%,) = ux. 


According to Nernst (Joc. cit.) the reaction is bimolecular, therefore n = 2; u and 


Google NIVERSITY OF CA 


Partial Recombination of Dissociated Gases during Cooling 


26 









CA 
SKS 








Se ane 


VZZZZZ \ 
i 2 NN 
LEEKS 





Fic. 4. 


Original from 
UNIVERSITY OF CALIFORNIA 


Digitized by Google 


Partial Recombination of Dissociated Gases during Cooling 27 


x are given by the experiments. By the method of least squares the unknowns 
H and x were calculated from the five observation equations. These gave 


H = 8.62 cc/sec 














1000x.. = 4.35 
TABLE V 
T, = 2373° 

reel ee 1000x | 1000x 
Pe | observed | calc. 
22 0.0294 2.73 2.95 

23 0.116 1.32 1.28 

25 0.0057 3.98 4.01 

26 0.0156 3.67 3.58 

27 0.050 2.37 2.33 





This theoretical curve is shown in Fig. 5. 

In experiments 32-42 u = 0 and equation (26) were used. The value for 
x in experiment 34 was reduced to the temperature 2320 and in experiments 
36 and 37 to 2395. It was assumed here that dx/dt = 0.00005. Only in the 
series of tests 32-34 and 35-37 was there sufficient data to calculate both 
H and xq. 

In the others the stationary condition was almost reached. The three series 
of experiments which were carried out at different temperatures, where H was 
known, gave values for Hx... which changed little with temperature. In the 
experiments where H was unknown, a value for the same was found by inter- 
polation. From this and the observed value of x a small correction could be 
calculated which had to be added to x to find x. Table VI gives the 
results of such calculations for the experiments 32-42. The bracketed numbers 
are interpolated. 

Equation (26) was written in the following form for this calculation: 





All the results and data used in the discussion are given in Table VII. In this, 
“radiation/cm” length is calculated from the Stefan-Boltzman Law,! assuming 
that the filament is a black body, by the following expression: 


T 4 
1-7 (rosa) 2a. 


1 Kohlrausch, Lehrbuch, 9th ed., 313. 
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Taste VI 
Str 1V 
Experiment T. 1000x| 1000x—. | H Hxo0 
sec/ec | 

32 | 2320| 111 =| 2.36 | 
33 2320| 40 1.98 |} 2.36 | 12.9] 0.0305 
34 2320 | 132 2.35 
35 2395 | 13.8 | 3.23 | atk |ece loo tes 
36 =| -2395| 114 6.51 
40 | 2358 | 67 3.58 | 3.64 | (0.035) 
ry 2380 | 67 4.43 | 4.49 (0.038) 
42 2426 | 58 7.30! 7.421 | (0.042) 





The “‘conduction etc. per cm’’ is the difference between the energy supplied 
by the current and the radiation. Under the heading x,, are given the equili- 
brium values for x at the 7,, which are taken from the table given by Nernst 
in his work on nitric oxide: (Joc. cit.). “ 

The length and diameter of filament 1, experiments 1-4 were not measured, 
therefore the temperature could not be accurately determined. It can, however, 
be concluded from the voltage that the length was approx. 1.6 cm; if it is further 
assumed that the diameter was the same as that of the other filaments then 
the figures, which are given in Table VII, are obtained. 

Fig. 6 shows the curve for x. and x, as a function of 7). 
































Tasie VII 

Experiment [32-34] 40 | 22-27] 41 | 35-36] 42 1-4 
Filament No. 3 | 39 5 9 8 9 1 
Current amps. 0.423 | 0.453 | 0.500 | 0.473 | 0.495 | 0.511 | 0.500 
Potential volts 183 | 180 | 144 | 180 | 185 | 180 | 160 
Brightness HK | 445 | 53.0 | 45 59.0 | 65.5 | 73.0 | 60 
Length of filament (cm) = 1 1.79 | 1.80 | 145 | 180 | 1.79 | 1.80 | (1.6) 
Diameter — 2a 0.061 | 0.060 | 0.059 | 0.060 | 0.061 | 0.060 | (0.060) 
Brightness/mm? = 91, 4.07 | 4.91 | 5.27 | 5.45 | 6.00 | 6.75 | 6.3? 
T; | 2320 | 2358 | 2373 | 2380 | 2395 | 2426 | 2408? 
Watts per cm length | 43.2 | 453 | 496] 47.3 | 51.2 | 51a | 50? 
Radiation/cm watts | 300} 315 | 31.7 | 328 | 340 | 354 | 34.5? 
Conduction etc. /cm watts 13.2 | 138 | 179 | 145 | 17.2] 15.7 | 15.5 
1000x20 | 236 | 3.64 | 435 | 4.49 | 6.51 | 7.42 | (7.0)? 
Hil TIE «eo 616 | — 338. | = 5.0? 
1000x, | 128 | 138 | 142] 144] 149 | 157] — 
Discussion 


The following points would first be expected in respect of the dependence 
of the values of x, and H on the temperature: 

1, That x, would be smaller than x, but that x. would correspond to the 
equilibrium at a temperature at most approx. 200° low r than Ty). 
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2. That with a rising temperature the recombination x,—x,. would become 
greater, therefore the x,. curve would be less steep than the x, curve. 
3. That H would strongly increase with the temperature. 
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However, as will be seen in the table, the experiments give different results: 

The values for x. are very sma!l compared with x); they correspond to 
the equilibrium at temperatures 350 to 600° lower than those of the filament. 
At the same time x, increases extremely quickly with the temperature, even 
as much as the 30th power; in addition, and this is perhaps the most surprising 
fact of all, H, the velocity coefficient of the system, decreases with increasing 
temperature. 
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The question now is whether this behaviour can be explained from equations 
(23) (24) (31) and (32). The assumptions which were made to obtain (23) and 
(24) appear to hold in our experiments since x, is small compared with one 
and the reaction velocity is certainly so small that no measurable concentration 
differences can be present. The following example shows that the latter assump- 
tion is permissible: 








a a 


0 
1600 1800 2000 2200 2400 2600 
r- 
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A filament is placed in a large chamber filled with pure air; on the outer 
surface of the filament x should have the value 0.001. Since this value corresponds 
to the equilibrium at 1500° (abs.), where the reaction velocity is very small, 
no NO can disappear by diffusion. Now the diffusion coefficient (D) of CO, 
in air at 0°C is approximately 0.142 and since NO has approximately the same 
molecular weight, we can assume the same value for NO. D increases in 
proportion to the square of the temperature, therefore at T = 1900°, D = 6.9. 

From this it can be calculated that a quantity of 20 cc. NO per hour would 
diffuse into the cold parts through an air layer 3 mm thick around the filament. 
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The quantity carried away would in practice be much larger due to air currents. 
In fact, according to our experiments, the amount formed amounts to only 
1.4 cc per hour even at the highest temperatures. Therefore, in the whole cham- 
0.001 x 1.4 
20 
this consideration that the filament exerts no noticeable catalytic effect. Since 
the above assumption is fulfilled equations (23) and (24) must be valid for 
the experiments. 

The assumptions 1, 2 and 4 (Page 27) for deriving (31) and (32) are valid. 
Assumption 3 is obviously not because the recombination is very large and the 
reaction mostly takes place in the colder layers —for instance, experiments at 2320° 
give values for x,. which correspond to x, at 1700°. Therefore, at the pseudoequi- 
librium the same amount of NO must disappear in the parts of the chamber 
under 1700° as is formed in the hotter parts. This implies that a fairly large 
volume of gas has a temperature not much under 1700°. We cannot therefore 
expect accurate results from (31) and (32) but they should at least give us a quali- 
tative explanation of the observed phenomena. 

From the velocities of the formation of NO given by Nernst for different 
temperatures we obtained the following by using van ’t Hoff’s equation. 


ber x does not vary by more than 0.00007; (- ) It follows from 





17,500 40,000 
log, 9k = 9:97-—— and a = Te 
It can be inferred from the curve for x, Fig. 6, that 
B = 10,600/T? 


Therefore, we have at all temperatures 


Se OLE | 
Y 


a 


and from (32) 
(z=) Pape: dea 
Xo} 1.53y—2 
This equation can be solved for y and the value inserted in (31). 
If it is further assumed that: 
a=003 T=T7,—500 T,= 293 


%o can be calculated from the results of the experiments: 








H H 
T; 

° | eg | calc. | obs. 
2320 2.037 6.5 7.2 
2370 2.123 2.8 
2395 2.264 1.6 3.4 
2420 2.36 1.3 
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The agreement of the numerical values H calc. and H obs. is surprisingly 
good; this may be, however, partially fortuitous. This is because the uncertainty 
in the data is very large and our interpolation formulae for x, and k (3) are very 
inaccurate over the large temperature interval which applies here; in addition 
convection has a very disturbing effect of which no account has been taken 
in deriving the equations. On the other hand, the fact that H calc. decreases 
with rising temperature must be considered as very good confirmation of the 
theory. The fact that H falls with an increase in temperature can be more easily 
derived from (30) than has been shown above. y—2 must be positive, there- 
fore y—d—2 > 1.06 since y+6/y = 1.53. Now y = agq/(2ak) and cannot 
alter very quickly with the temperature; let us say that y changes with the +4th 
power of the temperature. Then y+ 6—2 changes at the most with the +11th 
power. At 2300°, k increases with the 17th power and x with the 9th power. 
Therefore from (30) it can be seen that Hx%, increases with between the 14th 
and 36th power of the temperature. Now we have seen from the experiments 
that x.. increases with the 25th to 30th power and x2, therefore with the 50th to 
60th power. Therefore with rising temperature H must decrease and in fact 
with the 14th to 46th power thereof. From observations we obtain the 24th 
power so that in this case as well the agreement is good. 

The question is now to determine the physical significance of the decrease 
in H. Equation (24) which ought to be valid here, can be written 

VT, 1 
Ha pte i de 
where 7,, is a mean value of the temperature in the region where & is stil) large. 
T,, cannot change very much, at most some 20% for a 100° increase in Ty. 
On the other hand H decreases in this interval in the ratio 2.8:1; therefore 
(1/v)fRde the average value of k in the volume V must decrease in 
the ratio 1:0.43. 

It is impossible to assume a decrease in k with a rising temperature, therefore 
the decrease in the average value of k can only be explained by the fact that 
with an increase of 7, the outer layers, in which the reaction mostly takes place, 
become colder. The observed phenomena can therefore be explained as follows: 

At T, = 2320 — The volume of the gases at approx. 1700° is so much larger 
than that of the very hot gases that, in spite of the small value of k in the colder 
layers, the reaction mainly takes place in these; therefore x,. is very small. 

At T, = 2420 — For reasons unknown the outer layers are now colder than 
before. On the other hand the inner layers have become hotter. x.. has greatly 
increascd, because the recombination in the outer layers is now much smaller. 
H has decreased, however, because the volume of reacting gases is smaller. 

This explanation seems at first to be highly improbable and could hardly 
be considered valid if the following consideration did not strongly support it. 
It follows from the above hypothesis that with an increase in T,, the tempera- 





Google 


Partial Recombination of Dissociated Gases during Cooling 33 


ture gradient near the filament increases quickly; therefore, the heat loss by 
conduction through the air must increase abnormally strongly with the tempe- 
rature. It can be seen from Table VII that this is, in fact, the case if one were to 
compare the values for the same filament at different temperatures. For example, 
from the brightness of filament No. 9 at different temperatures it was calcula- 
ted that the whole energy loss from the filament increased with approximately 
the 4.4th power of the temperature whereas the loss after subtracting that due 
to radiation increased with the 4.8th power. All the other filaments gave even 
higher values (4.4 to 5.1 for the total energy loss). 

Even allowing that the filament may not be ideally black and that a part of 
the energy is lost through the filament mounting, it must still be concluded 
that the remaining loss by conduction through the layers of air close to the 
filament increases at least with the 4th to 6th power of the temperature. 

It is easy to convince ourselves that the observed decrease in H corresponds 
to this increase in g in order of magnitude. Let us assume that at 2320° the 
reaction takes place almost exclusively in a layer of 1700°, then the temperature 
fall is 620°. At 7, = 2420 the outer layer should have further cooled by 100°, 
the fall is therefore now 820° or 32% greater than before. This 100° cooling 
necessitates a decrease in k in the ratio 4.3:1. On the other hand, in the inner 
layers, k increases in the ratio 2:1. The influence of the outer layers is prepon- 
derant and H can quite well decrease in the ratio 2.8:1, which agrees with the 
experiments. The mean temperature of the outer and inner layers remains 
constant. Therefore, the conductivity of the air does not change and g must 
then increase by 32%. If q increases with the 5th power of the temperature 
it therefore increases by 22%, agreeing in order of magnitude with this con- 
sideration. 

If it is assumed that g is equal to the numbers in the table coming under 
“‘conduction etc” and if these values and the corresponding values for a and y 
are inserted in the equation y = ag/27xK, we obtain: 

at 2320 K = 0.00220 
2370 = 0.00225 
2420 = 0.00214 


As calculated from the kinetic gas theory equations! K is equal to 0.00027 
for air at 2300°. 

Therefore, the value calculated from the experiments is 8 times too large, 
which can be explained by the influence of convection. 

The reason for this cooling of the outer layers when the temperature of 
the filament is increased is still unknown. It points to a strong increase in con- 
vection, but it is difficult to understand how this can go so far as to cause a redu- 
ction in temperature. But perhaps it would not be so difficult to examine 
this result experimentally in another way. 


1 E. Meyer, Kinetische Theorie der Gase, pp. 191 and 229 (1899). 


3 Langmuir Memorial Volumes I 
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The dotted curve (Fig. 6) was calculated by extrapolation of y up to 2600° 
and inserting this in (30). At a higher temperature x,,/x, therefore approximates 
to the limiting value f/a/a+2f = 0.81. That is to say it can be concluded in 
each case that no more than 81% x) NO can form in the vicinity of an incan- 
descent body having no catalytic effect, in air and at any given temperature. 





IV. Conclusion 


I. It was attempted, from theoretical considerations, to derive formulae 
from which the degree of recombination of dissociated gases during cooling 
could be calculated. This succeeded for gases: 

1. cooling whilst still, 

2. flowing through tubes, 

3. exploding, 

4. surrounding incandescent filaments. 

II. The pseudoequilibrium and the velocity of formation of nitric oxide 
around a Nernst filament in air were examined experimentally. It was found: 

1, The concentration of NO at the pseudoequilibrium was very small com- 
pared with the concentration of the true equilibrium at the temperature of the 
filament. 

2. The concentration of NO increases extremely quickly with the tempera- 
ture of the filament. 

3. The average value of the reaction velocity coefficient in the space around 
the filament strongly decreases with increasing temperature of the filament. 

III. The formulae derived for the recombination around an incandescent 
filament were applied to the experimental results. Although the assumptions 
for deriving the formulae are not completely fulfilled in the experiments the 
agreement is very good qualitatively and satisfactory quantitatively. 

IV. It was concluded from three independent methods: 

1. Directly by experiment, 

2. Theoretically from the rapid rise of concentration of NO with increasing 
temperature of the filament, 

3. From the increase in energy loss from the filament by conduction through 
air with increasing temperature, that the convection, at very high temperatures, 
must increase very strongly, so strongly in fact that the temperature of the 
outer hot layers of air must decrease with increasing temperature of the filament. 

This work was carried out at the Institut fiir physikalische Chemie in Gét- 
tingen. 

I am deeply indebted to my supervisor, Prof. Nernst, for suggesting this 
work to me and for taking such a helpful interest in it. I am also very grateful 
to Prof. Dolezalek for the active interest which he has taken in my work. 
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THE DISSOCIATION OF WATER VAPOR AND CARBON 
DIOXIDE AT HIGH TEMPERATURES 


Journal of the American Chemical Society 
Vol. XXVIII No. 10, October (1906). 


THE DISSOCIATION of gases at high temperatures has been the subject of 
many investigations during the past few years. In particular the states of equili- 
brium in the following reactions have been studied: 


2HIz 1, +H, 1 
CO,+H,#CO+H,O # 
280, = 2S0,+0, 3 
2NO 2 N,+0, ‘ 
2CO, + 2C0+0, 5 
2H,0 2 2H,+0, 5 
2NH, # N,+3H, 6 


There are two general methods of determining the dissociation constants 
of gases at high temperatures. First, by the measurement, at the desired tem- 
perature, of some property of the gas which varies with the dissociation and 
which can be measured without disturbing the equilibrium. Such a property 
is the density. The second method is to heat the gas to the desired temperature 
and then by rapid cooling or by the removal of some catalytic agent to decrease 
the velocity of the reaction to a negligible quantity so suddenly that there is 
no time for a perceptible change to occur in the composition of the gas during 
the operation. 

Each of the above-mentioned investigations except that of Léwenstein 
depended on the use of the second method. In all these experiments there is 
necessarily some change in the composition of the gases during the cooling. 
The important question, and one usually very difficult of solution, is whether 


1 Bodenstein, Z. physik. Chem. 29, 295 (1899). 

* Hahn, Ibid. 44, 513 (1903); 48, 735 (1904). 

* Knietsch, Ber. 34, 4069 (1901); Bodenstein, Z. Elektrochem. 11, 373 (1905). 

-‘ Nernst, Géttingen Nachr. (1904), Heft 4. 

* Nernst and v. Wartenberg, Géttingen Nachr. (1905), Heft 1; Léwenstein, Z. physik. Chem. 
54, 715. 

* Haber and van Oordt, Z. anorg. Chem. 44, 341 (1905). 
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this change is so small as to be negligible; the whole value of the results depends 
upon its being so. 

It occurred to Prof. Nernst that around a glowing metallic wire, in a gas 
capable of dissociating, there would probably be only very slight recombina- 
tion of the dissociation products, during the short time required for these to 
diffuse from the surface of the wires out into the comparatively cold layers 
only a short distance from the wire. Furthermore, if the wire had a sufficiently 
strong catalytic action there would be equilibrium at the surface of the wire 
and hence the cold gas some distance from the wire would have the same com- 
position as it would have were the whole gas uniformly heated to the tempe- 
rature of the wire. 

At Prof. Nernst’s instigation I undertook a series of experiments in the labo- 
ratory of Physical Chemistry of the University of Gottingen to investigate the 
dissociation of gases around glowing platinum wires in the hope of finding this 
prediction fulfilled and of so obtaining a new and convenient method for the 
determination of the dissociation constants of water vapor and carbon dioxide. 
Prof. Nernst suggested determining the temperatures by means of the change 
of electric resistance of the wire. 

I wish here to express my appreciation of the interest taken in the work 
by Prof. Nernst and to thank him for many valuable suggestions. 

Several investigators have carried out experiments to study the reactions 
in gases near and on the surface of glowing wires. For example, recently, Haber 
and van Oordt! showed that traces of ammonia are produced when a mixture 
of hydrogen and nitrogen is passed over an iron wire heated to a bright red 
heat by an electric current. Emich* has shown that nitric oxide is slowly decom- 
posed when brought in contact with white hot platinum wires. v. Hoffman? 
led steam with great velocity over white hot platinum wires and so obtained 
considerable quantities of hydrogen and oxygen. 

All such experiments, however, have given only qualitative results. The 
reason that no quantitative determinations of the dissociation or association 
of gases by this method have been made is probably due partly to the difficulty 
of the determination of the temperature of the glowing wire and partly to the 
fact that no one foresaw that the degree of dissociation obtained by this method 
would really correspond to the equilibrium at the temperature of the wire. 

Since I began these experiments Prof. Nernst, who has been endeavoring 
to get several independent ways of determining these very important constants, 
has published in conjunction with Dr. von Warterberg papers on the disso- 
ciation of water vapor and carbon dioxide. The experiments there described 
were carried out by passing the gases through porcelain tubes, shaped like pipettes, 


1 Haber and van Oordt, Z. anorg. Chem. 44, 341 (1905). 
® Monatsh. 13, 78 (1893). 
® Ber. 23, 2, 3314 (1890). 
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in an electric furnace. The difficulties to be overcome were so great that it 
seemed that the method of glowing wires would have many advantages. 
Another method, also suggested by Nernst, was used in the investigation of 
Léwenstein who used ‘‘semipermeable membranes” of platinum to measure 
the partial pressure of hydrogen in water vapor heated in an electric furnace. 


Apparatus 


The apparatus used (see Fig. I) for my experiments consisted of a diffi- 
cultly fusible (Durax) glass tube of 0.9 cm internal diameter, in the center 
of which a fine platinum wire was stretched. A little above the lower end was 
a bulb to give room for the electric connections. In order to measure the resist- 
ance of the wire accurately it was necessary to determine the ratio of “drop” 
to current between two points on the uniformly glowing wire. There were four 
platinum wires, A, B, C and D (0.3 mm diameter) sealed into the glass. The 
wires A and B were used for supplying the current and C and D to measure 
the voltage between the two points P and P’. To avoid errors due to poor con- 
tacts one end of the main wire was fastened to C with silver solder and the 
other end similarly fastened to D. To A was soldered a short piece of wire, of 
the same kind as the main wire, and the other end of this was twisted around 
the main wire near its end so that the twisted part came between P and C. 
At P’ a short piece of wire was twisted with the main wire so the twisted part 
was between P’ and D. The other end of this piece had a small weight, W, of 
heavy platinum wire (about 2 grams) fastened to it to keep the main wire straight. 
A short distance below P’ a piece of wire was twisted around the wire P’W 
with the twisted part down and the end of this short piece was soldered to B. 
All the twisted parts were carefully welded. The wire in the path of the current 
was thus made of the same diameter everywhere from A to B and glowed uni- 
formly when heated by the current. The portion PA was made shorter than 
PC so that the tension of the wire insured good contact at P. 

In the bulb the connections BP’ and DP’ were made sufficiently long to 
allow for the expansion (about 4 mm) of the wire when heated. The connec- 
tion BP’ ‘was made rather long, 1.5 cm, so that the gas upon entering the 
bulb would be rapidly heated to the temperature prevailing in the tube 
above, notwithstanding the cooling effect of the relatively large surface of 
the bulb. 

When the wire was made to glow by an electric current, the temperature, 
to judge by the intensity of the emitted light, seemed to be perfectly uniform 
from A to B except within a distance of about 0.5 mm from P and P’. But even 
at these joints themselves the wire would show a bright red heat when the rest 
of the wire was white hot. 

The main wire was of the purest platinum that could be obtained from 
Heraeus. It had a diameter of 0.06 mm. 
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At the upper end of the-tube a side tube, T, was attached. The internal 
diameter of this tube varied from about 2 mm where it joined the main tube 
to about 0.6 mm in the bent part. The object of bending it into the shape 





° § 10cm 


Scate 
Fic. 1. 


shown in the figure was to allow it to dip under the surface of the water in 
a beaker so that the water vapor passing through the apparatus would be con- 
densed and could be collected over mercury together with any oxygen and 
hydrogen produced. The condensation occurred only after the first bend, 
that is, where the tube dipped under the water. The high velocity of the gases 


Google 


Dissociation of Water Vapor and CO, at High Temperatures 39 


and the length of the straight part of the tube prevented any hydrogen and 
oxygen diffusing back into the main tube. 

The side tube T was joined to the main tube about 3 cm below the end 
of the latter to avoid a possible change in the composition of the gases, due to 
the recombination of the dissociation products on the cooler platinum surfa- 
ces at the top of the tube. To be certain that this length of 3 cm was sufficient 
to avoid error, one apparatus was made in which there were two side 
tubes, T and T’, but it was found that the gases from each had the same 
composition. 

In the experiments the apparatus was set up with the main tube vertical; 
the connections A and C were bent by means of a long glass rod so that the 
wire was exactly in the middle of the tube. 


Experiments with Water Vapor 


The steam was generated from a flask connected by a mercury seal directly 
below the main tube of the apparatus. In the flask were two electrodes of pla- 
tinum wire to produce hydrogen and oxygen, if desired, along with the steam. 
In this way the equilibrium could be reached from both sides. The water in 
the flask contained a little sodium hydroxide to give it sufficient conductiv- 
ity. The rate of boiling was regulated by a small flame, and the flask enclosed 
in an asbestos box. The heat given off by the wire prevented any condensation 
of the steam until it had passed under the water around the tube T. The water 
and the dissociation products were collected in a calibrated eudiometer which 
contained 3 cc. and which was subdivided to 0.02 cc. 

The volume of gas and water was read off, then the gas exploded and a read- 
ing again taken. Then a little air was added and usually there was another 
explosion when sparks were passed. In this way the amount of hydrogen, 
oxygen and other gases could be determined. These results were corrected for 
temperature and pressure and solubility of the gases in water. As there was 
often a considerable excess of hydrogen it was necessary in some cases to con- 
sider the partial pressures of each gas in making the correction for solubility. 
As an example of this calculation let us take the data of one experiment (No. 67) 
and calculate the dissociation. 

2.761 cc. water and 0.182 cc. gas were collected over mercury. The mercury 
and water column below the gas were equivalent to 2.8 cm mercury. After 
the first explosion the gas volume was 0.096 over a column equivalent to 3.3 cm 
mercury. Air was now added until the volume was 0.420 (over 1.6 cm mercury). 
Finally, after another explosion the volume was 0.318 (over 2.1 cm mercury). 

The barometer read 74.1 cm and the temperature was 28°. The vapor- 
pressure of water at this temperature is 2.8 cm mercury. The pressures of the 
dry gases for each of the four readings of volumes were 68.5, 68.0, 69.7 and 
69.2 cm. 
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The volumes reduced to 0° and 76 cm and the dry condition and calcula- 
ted to the basis of 1 cc. of water are: before first explosion, 0.054; after first 
explosion, 0.028; before second explosion, 0.125; after second explosion, 0.095. 

Thus the decrease of volume (V,) on the first explosion was 0.026 and 
on the second (V,) 0.030. 

The absorption coefficients in water are for O,, 0.031;! for H, 0.018. 

The pressure in the eudiometer was on the average 70 cm; the volume of 
dissolved gases (at 0° 0.76 cm) per cubic centimeter of water is then for Hz 








70 4(Vi+Vs) _ Vi+Ve. 
76° Vs x 0.018 = 0.011 veo 
for O, 
70 4V, = Vi 
76 V, x 0.031 0.0095 +. 


V° is the volume before the first explosion. In our example the dissolved 
gases amounted to 0.011 cc. of H, and 0.0046 cc. of O, per cubic centimeter 
of water. 

Altogether then there was 3(V,+V,)+0.011 cc. hydrogen and 4V,+ 
+0.0046 cc. oxygen or 0.040 cubic centimeter of oxygen and hydrogen in the 
proportion to form water and an excess of 0.022 cc. of hydrogen. 

The excess of hydrogen was rarely as large as in the above example and 
was observed only in the first few experiments after filling the flask F with 
water, or in the experiments in which the water was electrolyzed. The excess 
of hydrogen is due to the presence of traces of ammonia in the water or to the 
separation of peroxide of lead at the anode by the electrolysis of lead salts 
formed by the action of the sodium hydroxide on the glass. 

The volume of other gases (nitrogen from the air or from the decomposi- 
tion of ammonia) is found to be 


Vo—Vi— 3V23 


in our example 0.008 cc. per cubic centimeter of water. 

The excess of hydrogen drives back the dissociation of the water vapor. 
We want in each case to know what the dissociation would be for equivalent 
amounts of hydrogen and oxygen. According to the law of mass action: 


K = [H,]?[0,]; 
since the concentration of the steam may be considered constant, now [H,] 
is proportional to 3G+E where G is the amount of gas of equivalent pro- 
portions and E is the excess of hydrogen. Similarly, [O,] is proportional to 
4G. If K’ is a new constant, we have 


K’ = G(G+3E)? = G3 


1 Landolt-Bérnstein’s tables. 
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where G, is the amount of oxygen and hydrogen which would be found if there 
were no excess of hydrogen. Solving for G, and expanding in a series we get 


G, = G+E(1—}E/G+...). 
In most cases it is sufficiently accurate to write 
G, = G+E. 
If x is the degree of dissociation when there is no excess of hydrogen then, 


x=} _ = 0.000535 G,. 1246 is the volume in cubic centimeters 


which 1 gram of steam would occupy at 0° and 76 cm if the gas laws held down 
to 0°. 
Returning to our example we have 





G = 0.040 E = 0.022 
1 E? 
FE7 0.003 G, = 0.059 


and 100 x = 0.0032. 


Experiments with Carbon Dioxide 


In the experiments with carbon dioxide this gas was prepared from marble 
and 50 per cent chemically pure nitric acid in a Kipp’s apparatus. The marble 
was boiled several times in weakly acidulated water to free it from air and the 
acid was freed from air by a stream of carbon dioxide. The gas was purified 
by passing through a saturated sodium bicarbonate solution then through 
concentrated sulphuric acid and finally through a long tube containing phos- 
phorus pentoxide. This tube had a bulb at one end with two platinum wires 
sealed in it between which sparks from a powerful induction coil were passed. 
In this way 8 per cent of carbon monoxide could be produced and in these 
experiments, too, the equilibrium could be reached from both sides. 

The carbon dioxide apparatus was connected to the dissociation apparatus 
by means of a mercury seal. 

The gases passing out through the tube T were collected in 33 per cent 
potassium hydroxide solution contained in an apparatus described by Nernst.? 
The mixture of carbon monoxide and oxygen were measured in a eudiometer 
which formed the upper part of the apparatus; the amount of carbon dioxide 
was found from the increase in the weight of the whole apparatus. Then the 
gas was exploded and the contraction noted. The only corrections needed were 
for temperature and pressure. 

No excess of carbon monoxide could be detected in any case. In order to 
avoid solubility of the gases in the caustic potash, this was first shaken with 
a mixture of carbon monoxide and air. The eudiometer was calibrated and 
contained 5 cc. 


1 Nernst and v. Wartenberg, Géttingen Nach. (1905), Heft 1. 
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After the carbon dioxide apparatus was freed from air the gas was very 
pure; only one part in 10,000 to 20,000 by volume was not absorbed in the 
caustic potash. 

The degree of dissociation was calculated from the formula 

1.96 


= 4GX zing = 0.00131 G. 


G is the contraction on explosion (reduced to 0° and 76 cm) per gram of carbon 
dioxide and 1.96 is the weight of a liter of this gas under standard conditions. 


Resistance of the Wire 


In order to measure the temperature of the wire the resistance of the hot 
wire had to be measured and compared to the resistance at some lower tempe- 
rature, 100° and room temperature being chosen. Thus the resistance had 
to be determined first with a current of 1 to 1.5 amperes flowing through 
it, and then with a current so small as to not perceptibly warm it. The Wheat- 


2 vars 72 vorTs 
+ = + = 


c 





Fic. 2. 


stone bridge method could not well be used. The following method gave very 
satisfactory results and had the advantage that the resistance could be deter- 
mined easily once every minute during the whole course of the experiment. 

A constant resistance (N, Fig. 2) of 1.174 ohms was made of very thick 
constantan wire wound upon a large glass tube and the whole immersed in oil. 
A current of 1.5 amperes did not perceptibly warm this resistance. This known 
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resistance and the wire in the dissociation apparatus were connected, by means 
of the wires A and B, in series, together with the variable resistance r. 
The two-way double switch h allowed either 2 or 72 volts to be used from 
a large storage battery, which gave a very constant current. The potential 
differences between C and D and between the two ends of N were 
then compared by means of the deflections obtained with a Deprez-d’Arsonval 
galvanometer, G. The resistances E, P and S were so chosen that the 
deflections were nearly equal for both potential measurements; & in the figure 
is a commutator and m a two-way double switch. 

For measurements of the resistance at the various temperatures the follow- 
ing values of P S and E (in ohms) were used. 








P | s | E 
At room temperature | 2000 ' 500 20,000 
At 100° { 2400 ' 500 30,000 
At a red to white heat 2000 | 2 90,000 


i 





The resistance of the wire in the apparatus varied from 11 to 55 ohms, accord- 
ing to the temperature. The resistance of the galvanometer was 1077 ohms. 

All resistances were carefully calibrated and the resistance of all connections 
measured and taken into account wherever these were not negligible. Although 
the system of wiring is rather complicated and a calculation of the resistance 
seems at first troublesome, it may be easily calculated from the formula 


B= Kako". 
ex 
Here K is a constant to be determined once for all from the formulas 
E+P+S’ 
K= N—-pi57- 
; Ss 
S= Ty5/6" 


éy is the deflection of the galvanometer when connected with N. 

Ae is the difference between e, and the deflection when connection is made 
with C and D. 

The possible sources of error such as thermocurrents, elastic lag in the 
galvanometer, lack of proportionality between the deflection and the current 
in the galvanometer, imperfect insulation, etc., were considered and by com- 
mutation, reading the galvanometer at regular intervals, and by a careful ar- 
rangement of the wiring such errors were avoided or eliminated as far as possible. 

With these precautions the resistances are probably always accurate to one 
part in 1000 and usually to one part in 4000. 

The resistance at 100° was determined by boiling the water in the flask 
until all the air was driven out of the apparatus. The pressure of the steam 
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was observed on the manometer on the side of the flask. A simple calculation 
shows that the conductivity ofthe water layer on the wire and on the walls 
of the tube can be entirely neglected. 


Study of the Accuracy of the Method 


Before proceeding with the determination of the temperature coefficient 
of the resistance, without which the temperature could not be accurately known, 
it seemed best to find out whether this method for determining dissociations 
was capable of giving uniform and accurate results. For this purpose a series 
of about forty preliminary experiments were made. 

Through an oversight of Heraeus a wire containing 10 per cent rhodium was 
furnished in place of the pure platinum ordered, and only after the apparatus 
was constructed and several experiments had been made was it noticed that 
the temperature coefficient of the wire was much lower than that of pla- 
tinum (only 44 per cent as great). Since the temperature determination was 
not important for the preliminary experiments these were continued with the 
platinum-rhodium wire. The final series of experiments were made with plati- 
num wire of exceptional purity as was proved by the high value of the tempe- 
rature coefficient of the electric resistance (0.003909). This is a higher value 
than any that could be found in the literature except a practically identical 
value given by Holborn.t 

Before each experiment the resistance of the wire at room temperature and 
at 100° was determined and then the resistance of the glowing wire measured 
several times in the course of the experiment. 

The ratio of the resistances of the hot and cold wire served as a sort of 
temperature scale whose absolute value was not known. For the sake of con- 
venience, however, let us speak of the temperature of the wire not as it is given 
in this scale, but as it was afterward found to be in the absolute scale, by com- 
parison of experiments made with the two kinds of wires. 

The results of the preliminary experiments and also a few facts about the 
usefulness of the method which were found from the experiments with pure 
platinum can be summarized as follows: 

1) The observed degree of dissociation x was the same whether the water 
was electrolyzed or not or whether sparks were passed through the carbon 
dioxide or not. This was true even when the temperature was as low as 1050° 
absolute and the current of gas as rapid as 0.6 gram H,O or 0.3 gram CO, 
per minute. 

2) Within wide limits x was independent of the velocity (S) of the gas 
(in grams per minute). 


1 Drude’s Ann. 6, 242 (1901). 
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In a series of experiments with steam the current was maintained constant 
and S was gradually increased from 0.09 to 0.6. The temperature of the wire 
and also x remained, however, entirely unchanged. When S was increased 
still more, the temperature decreased somewhat because of the cooling effect 
of the cold gas; x also decreased. For example while S grew from 0.6 to 1.10 
the average temperature of the wire fell 20° and x decreased 42 per cent. The 
temperature difference of 20°, however, corresponds to a decrease of x of 24 
per cent; that is, the error in x was 18 per cent. With this strong current of 
steam, one could easily see that the wire directly opposite the opening to the 
tube T (Fig. 1) glowed less brightly than the rest. The whole decrease of x 
was probably due to the recombination of the hydrogen and oxygen on this 
short (3 mm) length of cooler wire. 

From these experiments it appears that the equilibrium around the wire 
is reached with extraordinary rapidity. A value of S = 1.10 corresponds to 
33 cc. of steam at 125° per second or a linear velocity of 52 cm per second. 
When one considers that the surface of the wire is only 0.7 sq. cm it seems 
remarkable that 33 cc. can reach equilibrium in one second. 

In another paper I will attempt to show theoretically that from this rapid 
rate of formation and by application of certain formulas which I have developed, 
the observed value of x cannot differ from the value corresponding to the 
true equilibrium by more than 10-1*; that is, the observed dissociation must 
be identical with the equilibrium value. 

3) The resistance of the wire decreases about 2 per cent, while the tempe- 
rature coefficient between 20° and 100° increases somewhat upon heating 
the wire for the first time. Upon further heating the wire changes very little 
if, heated only in steam. In all the experiments the platinum-rhodium wire 
was heated altogether about twenty hours at temperatures between 1200 and 
1600° (abs.). During the first five hours the resistance increased about 1 per 
cent, but in the remaining fifteen hours remained constant within the experi- 
mental error. 

In the experiments with pure platinum wire the resistance increased slowly 
but steadily (about 1-per cent in a long series of experiments). The wire had, 
however, become somewhat elongated. If one assumes the density of the pla- 
tinum remained unchanged then the following relation should hold between 
the change of resistance AR and the change of length AL. 

AR _,4L 
R L’ 

During eleven experiments a wire of 37.1 cm length stretched 1.1 mm. 
The calculated increase of resistance is 0.60 per cent. Actually, the resistance 
at 20° increased 0.59 per cent and at 100° 0.70 per cent; that is, nearly within 
the experimental error. 


1 Dissertation, Géttingen, 1906. 
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Naturally, such lengthening of the wire introduces no error if the tempe- 
rature coefficient remains unchanged. 

In the preliminary experiments it was found that the value of x that was 
obtained depended solely upon the value of the ratio of the resistances of the 
hot and cold wire. The length of time the wire had been in use made no differ- 
ence in this result. : 

Thus, eight preliminary experiments made at a temperature of 1440° (abs.) 
and distributed among all the preliminary experiments showed only irregular 
differences with a probable error of 2.9 per cent in x for a single observation 
which corresponds to a temperature error of 3.0°. 

The pure platinum wire, however, showed a tendency to give slightly increas- 
ing values for x as it was used even though the ratio of the resistances was 
kept constant. It seems then that the temperature coefficient of the resistance 
of platinum-rhodium remains constant but that of pure platinum decreases 
very slightly with continued heating. 

4) The lowest temperature at which the dissociation can be measured is 
about 1270° (abs.) as the gas formed then dissolves nearly completely in the 
water. Perhaps by determining the dissolved oxygen by chemical means it 
would be possible to work at much lower temperatures. The upper limit is 
set by the disintegration of the platinum, and it appears that a measurement 
of the dissociation is a very sensitive method of detecting disintegration (‘‘Zer- 
staubung”) of the platinum. When once the platinum-rhodium wire had been 
heated to 1650° (abs.) all further experiments gave too small values for x. 
For instance, after the wire was heated twenty-five minutes at 1670° (abs.) 
an experiment at 1460° (abs.) gave a value of x only 67 per cent of what had 
previously been obtained at the same temperature. The explanation of this 
is that very finely divided platinum is deposited on the walls of the glass tube 
and that recombination of the gases occurs by catalysis. No deposit could be 
seen on the tube, but it was found that if the walls of the tube were rinsed out 
with aqua regia the original results could again be obtained. 

With pure platinum wires no disintegration was observed either in steam 
or in carbon dioxide up to temperatures of 1550° (abs.). Hulett and Berger! 
showed that in air disintegration occurs even at 1073° (abs.). It is therefore 
very important in these experiments never to heat the wire when air is in the 
apparatus. As was found later, heating in air also changes the temperature 
coefficient of the resistance. 

By application of the law of mass action the effect of pressure on the degree 
of dissociation may be calculated. It was found that the variations of the baro- 
metric pressure from the normal had so small an effect on the dissociation 
that it could be safely neglected. 


19. Am. Chem. Soc. 26, 1512 (1904). 
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Temperature Coefficient of the Resistance 


According to Callendar! and Heycock and Neville? and particularly 
Harker,’ one should be able to measure temperatures up to 1000° with great 
accuracy from the resistance if this is known for the three temperatures 0° and 
100° and 440°. If R, is the resistance at the temperature ¢ then the following 


should hold 
ae ae: 
-0= (00) —a0o} 


= R.— Ro 100, 
Ryoo— Ro 
and 6 is a constant depending only on the purity of the platinum. 

Holborn and Wien‘ measured the resistance of platinum wires up to 1600°. 
Unfortunately, the platinum they used was not very pure, since the tempera- 
ture coefficient was only 90 per cent of that which one gets from the wire 
that Heraeus now furnishes. Holborn and Wien found that above 1000° the 
resistance was a linear function of the temperature. 

The resistance of the wire used in our dissociation experiments was deter- 
mined at 0°, at 100°, and at the temperature of boiling sulphur. However, 
different values of 6 were obtained for different treatments of the wire. The 
wire was first heated to a red heat in air to anneal it. The following table shows 
the results of the tests on three wires. 


where 





‘igs First | During ay | i Lf 

ire No. heated to | thetime Ry | Rroo/Ro | Russs/Ro | Riro/Ro | é 

= | Minutes ae - 
1 1640° (abs.) 15 1.0028 | 1.3909 | 2.6335 eae 1.74 
2 1640° ,, | 10 1.0202 | 1.3884 | 2.6338 | 6.20 1.57 
3 1470° ,, | 16 1.0029 | 1.3902 | 2.6350 shee 1.66 
3 1470° ,, 10 1.0022 | 1.3896 | 2.6387 | .... 1.56 
3 1820° ,, 4 1.0226 | 1.3880 | 2.6404 | 6.27 1.41 


The resistances are accurate to 2 or 3 units in the fourth decimal place. 
Rjz10 is the resistance measured at the moment at which the wire melted when 
heated by a strong current. Since the temperature of the wire was not 
uniform (as the piece used was only 4 cm long) the resistance measured must 
be considered only as a lower limit to the true resistance at 1710°, the melt- 
ing-point of platinum. 

The table shows that glowing the wire in air decreases the temperature 
coefficient between 0° and 100°, but increases it between 100° and 440°. 


1 Phil. Mag. 5, 48, 519 (1899). 

2 ¥. Chem. Soc. Trans. 67, 160 (1895). 
® Proc. Royal Soc. 73, 217 (1904). 

‘ Wied. Ann. 56, 360 (1895). 
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A comparatively large change in 6 corresponds to a small error in the tem- 
perature determination. Thus if 6 changes from 1.50 to 1.55 the calculated 
temperature at 1000° changes but 4°. 

According to the table, when 6 is large Ryoo/Ry is also large and it thus 
happens that at high temperatures it makes very little difference which pair 
of values of 8 and Rjoo/Ry are chosen for the calculation of the temperature 
from R,. 

The final values chosen for a wire which had been in use a long time were 


Ryoo/Ro = 1.3900. 
6=155. 


This method of determining the temperature of the wire by extrapolating 
from 440° is rather unsatisfactory and it was therefore used only as a control 
on the other method adopted. The results, however, may have an interest in 
themselves. 

The final arrangement was to measure the resistance of the wire directly 
while it was being heated in an electric furnace. In order to avoid the errors 
due to the action of the air on the wire and to have conditions as nearly like 
those in the experiments as possible, a current of steam was passed through 
the furnace during the time of heating. The furnace consisted of a very thin- 
walled porcelain tube wound with platinum wire. 

The wire which had been used in apparatus No. 5 was used for these mea- 
surements. After the last experiment (No. 86) had been made the apparatus 
was broken and the wire removed, care being taken not to bend or stretch it. 

The resistance of one piece of this wire was determined at 0°, 100° and 
440°. Another piece about 3 cm long was wound around a small porcelain 
tube of 3 mm diameter such as are used for thermo-elements. The turns were 
about 5 mm apart. In this tube was brought the junction of a thermo-element 
near the middle of the coiled wire. To each end of the wire wound on the 
tube two platinum wires were welded; these, insulated in porcelain tubes, led 
out of the furnace. This bundle of porcelain tubes and wires was then placed 
in the electric furnace. The porcelain tube of the furnace was then connected 
with a brass tube for preheating the steam, a gas-tight joint being made by 
means of asbestos paper and water glass. After the furnace was heated to about 
200° the superheated steam was passed in a gentle stream through the furnace. 
The resistance was then measured with the same apparatus that was used for 
all the other experiments. Two series of measurements were made. The thermo- 
couple was calibrated at the melting point of antimony 630.6° and then, before 
and after each series of resistance determinations the reading of the thermo- 
couple was taken at the melting point (1064°) of a short piece of pure gold 
wire placed about 3 mm from the junction of the thermo-couple. 

By moving the thermo-element back and forth in the tube it was found 
that the temperature over the whole length of the coiled wire was uniform, 


Google 


Dissociation of Water Vapor and CO, at High Temperatures 49 


The resistance at 0° (calculated from the resistance at room temperature 
and the temperature coefficient) was not just the same before and after the 
heating but it increased about 0.6 per cent in each series. If this change is 
distributed over the observations at various temperatures the values for Ry 
are obtained that appear in the following table which gives the results of the 
experiments with the electric furnace. 





7 7 = - 





| T(abs. 

v 1 Ro Rr | R | phiacel 
7.513 | 1.638 6.495 3.965 | 1130 
9.390 1.639 : 7.321 | 4.467 | 1298 
10.63 1.642 7.816 | 4.760 1406 
7.377 1.645 6.438 3.914 | 1117 
9.391 1.646 7.390 4.490 1298 
11.48 | 1.650 8.204 | 4.972 | 1477 
9.33 | 1.654 | 7.375 | 4.459 1293 





V is the voltage of the thermo-couple multiplied by 1000. The cold junction 
was at 0°. For the melting-point of gold V was found to be 9.83. 


R is equal to R,/Ro. 

By plotting R and T one finds that up to T = 1400 the points lie in a smooth 
curve which does not differ very much from that obtained from the Heycock 
and Neville formula by using the values 6 = 1.55 and Rio = 1.390. At T = 
1300° the difference is about 20°. 

If the curve be drawn through the points at T = 1406° and 1477° it appears 
that the curvature at about T = 1350° is greater than at lower temperatures, 
whereas from Holborn and Wien’s paper it ought to be practically a straight 
line at this temperature. It seems probable that the cause of this is a slight 
conductivity at this high temperature of the porcelain on which the wire was 
wound and that therefore the results for R are slightly too low. The curve 
was drawn through the points at 1200° and carried to higher temperatures with 
approximately the same curvature that it has from 1100° to 1300°. The distance 
of the points at 1400° and 1477° from the curve then corresponds to 8° and 
10° respectively. The curve was so nearly straight between 1300° and 1550° 
that it could be represented by the following formula without appreciable 
error. 


T = 344.4 R—247. 


Final Experiments with Steam and Carbon Dioxide 
With apparatus No. 4 a series of experiments were made to get the ratio 
of the dissociations of steam and carbon dioxide at different temperatures. 
Since this ratio varies very little with the temperature, it was not necessary 
to get the temperature accurately for these experiments. With apparatus No. 
5 the object was to determine as accurately as possible the relation between 


4 Langmuir Memorial Volumes I 
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the temperature and the degree of dissociation of water vapor, hence the wire 
of apparatus No. 5 was used for the determination of the temperature coeffi- 
cient. The water was not electrolyzed and sparks were not passed through 
the carbon dioxide in these experiments for the preliminary work had shown 
such a treatment to be without material influence. 


Experiments with Apparatus No. 4 


Pure Platinum Wire 





s 












































j | 
pare g gas R — 100x A avers Remarks 
per min | 
30 0.14 5.00 1474 | 0.0140 3.746 | 
31 0.30 5.00 1474 | 0.0132 3.720 | 3.7420 H,O 
33 0.25 5.15 1526 | 0.0225 3.753 
35 0.13 5.02 1481 | 0.0281 5.05 
36 0.18 5.26 1565 | 0.0642 5.05 } isa om 
37 0.43 5.00 1474 | 0.0135 3.730 | 708 5 
38 0.48 5.00 1474 | 0.0134 3.727 
49 0.64 4.935 | 1451 | 0.0136 3.826 
50 0.35 5.165 1531 | 0.0270 3.812 | 
51 0.45 4.94 1453 | 0.0139 3.829 o1b28 HO 
52 0.42 4.64 1351 | 0.0050 3.825 
53 0.12 4.77 1395 | 0.0140 5.168 
55 0.18 4.77 1395 | 0.0144 5.176 
57 0.22 4.91 1443 | 0.0250 | 5.179 | | 518! COs 
58 0.20 5.07 1498 | 0.0471 | 5.201 
60 0.50 4.95 1457 | 0.0144 | 3.828 
61 0.46 5.18 1537 | 0.0270 3.792 3.817 H,O 
62 0.47 4.96 1460 | 0.0150 3.831 
Experiments with Water-Vapor with Apparatus No. 5 
Pure Platinum Wire 

Ss ] j 

Expt g gas | R Tabs.) 100 x A | Avera 
per min 

67 030 | 4559 | 1324 0.0032 3.755 | 
68 0.27 4.670 1360 0.0045 3.733 
69 =| 0.25 4.781 1399 | ~—-0.0067 3.731 3.753 
70 0.26 4.870 | 1429 0.0100 3.780 | 
11 0.28 4.991 1471 0.0143 3.767 
77 0.32 5.007 1476 =| (0.0150 3.769 | 
78 0.43 5.232 ° 1555 0.0292 3.762 | 
79 0.30 5.206 1545 0.0282 | 3.780 | 
80 0.33 5.000 1474 | 0.0149 | 3.761 
81 0.33 4893 | 1437. | 0.0100 | 3.775 | 3.778 
82 0.35 4.770 1395 | 0.0072 3.783 | 
83 0.32 4.651 1354 0.0051 3.818 
84 0.31 4.564 1325 0.0033 =, 3.765 
85 0.61 4.744 1386 0.0067 3.789 
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The results of these experiments are given in the table. R is the ratio of 
the resistance of the hot wire to that at 0°. T is the absolute temperature. It 
was assumed that the temperature coefficient of the wire in apparatus No. 4 
was the same as that in apparatus No. 5. 

Under A is a number obtained as follows: Nernst and v. Wartenberg? 
give for the dissociation of steam at atmospheric pressure: 














2(100 x) 25,030 T 
logio (24x) (Ia) [11.51] T +2.65 logio 000 —0.00055('T— 1000) 
and for carbon dioxide 
2(100 x)* 29,560 T 
logy (2+2) —a) = [9.54]— 7 +2.97 logio 1000 —0.00074(T— 1000) . 


The numerical coefficients except those in brackets are all determined 
thermodynamically and do not depend in any way on the results of the experi- 
ments on the dissociation. Hence, for my experiments the same coefficients 
should apply if only new values are substituted for the quantities in the brackets. 
But it is more convenient to first simplify the expression. By neglecting x 
compared to 1 and by division by 3 we obtain for steam 


lege aLs — +£0.88 logis sno —0.00018(T—1000) (1) 
for carbon dioxide 
logie * = Aco,— “ +£0.99 logo ae —0.00025(T—1000) (2) 


Azo and Ago, are then to be found from the experiments; the same values 
should be obtained no matter at what temperature the experiments were made. 
From Nernst’s experiments the values are 


Ano = 3.83. 
Aco, = 5.18. 
A change in A of 0.01 corresponds to a change in x of 2.3 per cent. A small 


error AT in the temperature measurement makes a corresponding error in 
the value of A (4A) which for temperatures not too far from T = 1400° is 


given by: 
for steam 
AT T 4a (3) 
= —109 (000) ; 
for carbon dioxide 
AT T 4a (4) 
seaaee (+000) : 


1 Géttingen Nachrichten. 
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Discussion of the Results 


The values of A in general seem to be independent of the temperature and 
the velocity of the gas current S. Experiments in which the temperature is 
below 1400° (abs.) often give values of A which differ considerably from the 
mean, but these differences are so irregular that they are probably due simply 
to the relatively inaccurate determination of the very small quantities of gas 
appearing at these low temperatures. 

The longer the wire has been in use, the larger the values of A become. 
As was mentioned before this change does not occur to an appreciable extent 
with platinum-rhodium wire. During the determination of the temperature 
coefficient the same change was undoubtedly going on. The value of A which 
corresponds to the temperature measurements is then somewhat larger than 
in Expts. 77-85. As the most probable value we may take 


Ago = 3.79. 
From Expts. 30-38 we get 
Agyo = 3.734 Ago, = 5.050, 
and from Expts. 49-62 
Ago = 3.820 Ago, = 5.181. 


The deviation of A,,, from the value 3.79 can only be caused by errors 
in the temperature measurement (4T). This error must naturally be the same 
for the experiments with carbon dioxide as for those with steam. Thus in 
equation (3) and (4) the values of AT are equal and we have 


Ben, _ 109 
AA. 93° 
For Expts. 30-38 
AA, is 0.056 ; 
therefore 
AAgo, = 0.066 ; 
hence 
Ago, = 5.116. 
Similarly, Expts. 49-62 give 
Aco, = 5.147. 


Expts. 47-64 were much more carefully made than Expts. 30-38, and 
since too low results can occur much more easily than too high results the most 
probable value seems 


Ago, = 5.15. 
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From these results for Az,. and Ago, with the help of (1) and (2) we can 
calculate the dissociation at all temperatures at atmospheric pressure. At exceed- 
ingly high temperatures one must substitute 


V/ (1+ 3)a—9 


x 





in place of x. 


The following table gives the dissociations as calculated for various tempe- 








ratures. 

T (abs.) | 100x for H,O 100x for CO, 
1000 | 0.000028 0.000020 
1200 0.000745 0.00093 
1300 0.00266 0.00407 
1400 0.00787 ' 0.0146 
1500 | 0.0197 0.0436 
1600 0.0446 0.110 
1700 | 0.0920 0.260 
1800 0.170 0.546 
1900 | 0.302 1.04 
2000 0.504 1.84 
2200 1.21 5.00 
2500 | 3.38 15.6 
3000 | 11.1 48.5 





These values for the dissociation are 9.5 per cent, in the case of steam, 
and 7 per cent, in the case of carbon dioxide, lower than those of Nernst. 
These differences however correspond to temperature differences of only 8° 
and 6° respectively. 

The possible sources of error in this method lie almost entirely in the mea- 
surement of the temperature. It seems probable that the error in the tempera- 
ture determination is not over 5° and almost certainly not over 10°. 


Summary and Conclusions 


First. It is shown that when water vapor or carbon dioxide is passed through 
a tube containing a glowing platinum wire, amounts of dissociation products 
are obtained which correspond to the dissociation equilibrium at the tempe- 
rature of the wire. 


Second. The degree of dissociation of water vapor and carbon dioxide 
were determined by this method and results were obtained which for water 
vapor were 9.5 and for carbon dioxide 7 per cent lower than those previously 
obtained by Nernst by another method. 

Third. In determining the temperature of the wire the temperature-coeffi- 
cient of the electric resistance of pure platinum up to 1200° was measured. 
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Fourth. It was found that platinum and platinum-rhodium wires do not 
disintegrate perceptibly in steam or in carbon dioxide up to 1300°. At 1400° 
platinum-rhodium begins to disintegrate in steam. 

The method of determining the dissociation of water vapor and carbon 
dioxide by means of glowing wires has many advantages. The apparatus is 
simple and the experiments are quickly made. 

The great rapidity of cooling of the gases insures accurate results for every 
reaction where the substance of the wire has a strong catalytic action. 

The only serious difficulty lies in the determination of the temperature of 
the wire. A modification of the method by which instead of a wire a platinum 
tube or other surface of platinum is used might be very useful in some cases. 
The outer surface of the tube should be exposed to the dissociating gas. The 
temperature could then be determined either by a thermo-element inside 
the tube or by optical methods. 

For the determination of the dissociation under high pressures the method 
would present great advantages. It would be a difficult task to make a tube 
which could withstand very high pressure at 1300° or 1400°, but to heat a wire 
to that temperature in a tube containing gas at a very high pressure is a com- 
paratively easy matter. Such an arrangement would be well adapted for the 
study of the formation of ammonia from the elements since not only the 
velocity of the reaction, but also the amount of ammonia corresponding 
to the equilibrium would be much increased by high pressure. A few rough 
experiments have been made with ammonia and it seems the method would be 
capable of giving good results. 

Another case in which this method may be of use is in determining the 
temperature of platinum wires or other platinum bodies. As v. Wartenberg 
has shown, temperatures may be accurately determined by means of the disso- 
ciation of steam. If the object is platinum, it need only be surrounded by steam 
and some of the steam withdrawn and analyzed in order to determine the tem- 
perature accurately. 
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THE VELOCITY OF REACTIONS IN GASES MOVING 
THROUGH HEATED VESSELS AND THE EFFECT 
OF CONVECTION AND DIFFUSION 


Journal of the American Chemical Society 
Vol. XXX No. 11, November (1908). 


Many of the investigations of the past few years, on the velocity of 
reactions in gases, have been based upon the determination of the change 
in the composition of the gases while passing through heated tubes. 
The velocity coefficient has then usually been calculated by applying the 
formulas derived for reactions taking place in stationary gases. 

Bodenstein and Wolgast! recently pointed out that this method of calculation 
is justifiable only when the gases pass through the tube entirely without 
mixing. For those cases where diffusion or convection has caused even 
partial mixing of the gases in the tube, they show that the usual method may 
lead to serious error. They develop formulas which hold when the mixing 
of the gases can be considered complete. 

We have then at our disposal, for the calculation of velocity coefficients, 
two formulas, one of which holds when there is no mixing and the other when 
there is complete mixing. The only means, however, for determining which 
of the two formulas will give the most accurate results, in any series of experi- 
ments, is to calculate the coefficients by both formulas and then to choose 
that which gives the “better constant.” That this method is highly unsatisfac- 
tory became evident when Bodenstein and Wolgast applied their equations 
to the results obtained by Jellinek on the velocity of the reaction 2NO = N,+0Og. 
In one series of experiments the coefficients obtained by the new formulas 
were only very slightly less constant than those obtained by the old; yet the 
difference between the constants given by the two methods was considerable. 
We can also see the difficulty in using this test if we consider that the degree 
of mixing may be different in each of the experiments. 

The object of the present paper is: 


1. To obtain criteria of practical value, for deciding, in any experiment, 
which, if either, of the above-mentioned formulas will yield accurate results. 


1 Z. phys. Chem. 61, 422-436 (1908). 


[55] 
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2. To determine, theoretically, the magnitude of the error arising from 
the application of the formulas to cases other than the limiting ones for which 
they were especially derived. 

3. To develop formulas from which to calculate the velocity coefficient 
in those cases where neither of the above-mentioned formulas holds good, 
but where, in the mixing of the gases, diffusion plays a more important part 
than convection. 

It will be the object of subsequent papers: 

1. To find a means of calculating the velocity coefficient when the walls 
of the tube, by acting catalytically, introduce a disturbing factor. 

2. To apply these theoretical results to Jellinek’s! work on the velocity of 
the reaction 2NO = N,+0,; to Rowe’s* work on the velocity of combina- 
tion of hydrogen and oxygen, and to the work of other investigators. 


General Theory of the Effect of Diffusion and Convection 


Let us consider any reaction: 
n,A,+n,A,+njA, > nj Aj+nyAzt+etc. 

We assume that the reverse reaction takes place to a negligible degree only. 
In accordance with the nomenclature first proposed by van’t Hoff let us repre- 
sent the concentration of m,A, (not A,!) by c, thus 

¢, = [mA,] or e, = [A,]/m,, 
Cy = [n, Ag] or cg = [Ag]/mg, etc . 

Let us assume further that the reaction occurs without change of volume 
or that the volume changes only so slightly as to have a negligible effect. The 
necessity for this restriction is shown by Wegscheider,? in a discussion of the 
influence of the changes of volume on the velocity of reactions. Applying the 
law of mass action we have: 

dc, de,__ dey 
dt dt dt 

For the sake of simplicity we will confine our attention at present to those 
cases in which the mixture undergoing the reaction contains equivalent con- 
centrations of the various constituents A,, A,, As, etc. This will not seriously 
restrict the usefulness of the resulting formulas. The concentrations ¢, C3, 
Cy, etc., are then equal and remain equal to each other so that we may omit the 
subscripts. Equation (1) thus becomes 


dc 
dt 








—Rememen.., (1) 


-= —kc", where n = nyt-n,tny+... (2) 


1 Z. anorg. Chem. 49, 229-276 (1906). 
* Z. phys. Chem. 59, 41-71 (1907). 
* Ibid. 35, 513-587 (1900). 
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When the change of concentration in each element of volume is caused 
solely by the reaction taking place in that volume, as for instance, in stationary 
homogeneous gas mixtures, we may integrate equation (2) directly, with the 
following results: : 


ket = log” forn=1. (3) 
£0 
1 1 1 
het = at (gam aa) fore >1. (4) 


k, is the velocity coefficient as calculated for stationary gases. 

a is the original concentration (at the time t = 0). 

€ is the concentration at the time f. 

In the case of moving gases we may apply equations (3) and (4), provided 
we consider our element of volume to move along with the gas and provided 
there is no appreciable transfer of the reacting substances, either by diffusion 
or convection, through the bounding surfaces of the moving element of volume. 
The time ¢ must be taken to mean the time required for the gas to pass the 
length of the tube. It was the erroneous use of equations (3) and (4) to which 
Bodenstein and Wolgast called attention. 

When a gas mixture undergoing a reaction passes, with uniform velocity, 
so slowly through a vessel that diffusion and convection bring about a com- 
plete mixing of the constituents, then the concentration c becomes constant 
throughout the vessel and becomes independent of the time. In equation (2), 
dc/dt must then be taken to mean a partial derivative and in the integration 
we must consider kc" as constant; thus we get: 

a—ly = kycet. (5) 
ky is the velocity coefficient as calculated for complete mixing. 

a is the concentration of the reacting substance in the gas entering the vessel. 

Cy is the concentration inside the vessel and in the gas leaving the vessel. 

t is the average time which a particle of gas remains in the vessel. If v is 
the volume of gas (in cc.) entering the vessel per second, measured at the tem- 
perature of the vessel, and V is the volume of the vessel (in cc.), then t = V/v. 

Equation (5) is essentially the same as those of Bodenstein and Wolgast. 
We have, in equations (3) and (4) and in equation (5), the two limiting cases 
for no mixing and for complete mixing of the gases. When a and c, are nearly 
equal, the two formulas become practically identical, but in other cases it beco- 
mes very important to decide which formula applies most accurately. 

The mixing of the gases is caused by convection currents and by diffusion. 

The convection currents are produced by the inertia of the stream of gas 
as it enters the vessel. In such experiments as we shall consider, currents set 
up by differences of temperature are probably never of importance. The amount 


Google 


58 Velocity of Reactions in Gases Moving through Heated Vessels 


of mixing caused by convection will in general be approximately proportional 
to the density (inertia) of the gas and inversely proportional to the coefficient 
of internal friction. The latter increases with increasing temperature, approx- 
imately with the 2/; power of the absolute temperature, while the density is 
inversely proportional to the absolute temperature. The amount of mixing is 
therefore, roughly, inversely proportional to the 1.7 power of the absolute 
temperature. At 1100°C the mixing would be about 1/13 and at 1600°C about 
1/22 as great as at ordinary temperatures. 

On the other hand the coefficient of diffusion varies approximately with 
the square of the absolute temperature, so that at 1100° it is about 22 times 
and at 1600° about 41 times greater than at ordinary temperatures. It is there- 
fore highly probable that, at very high temperatures, the effect of diffusion 
is much greater than that of convection. 

Of course convection can not well be considered mathematically and it 
will therefore remain a disturbing factor in all determinations of the velocity 
of reactions by the heated tube method. Care should be taken to design the 
apparatus so that convection may be avoided as much as possible. 


Derivation of Equations 


Let us consider the problem of determining the effect of diffusion on the 
composition of a reacting gas mixture passing through a tube (Fig. 1.) of which 
the portion A—B is heated to a uniform temperature. We assume that this 

heated portion is sharply bounded 
A. PP’ B at A and B by thin porous plugs, 
in the pores of which the gases 
move with such high velocity that 
the quantity of the reacting sub- 
stances carried past these points 
by diffusion is negligible compared 
to that carried along by the move- 
ment of the gas. This condition is 
substantially realized in all experiments made with heated tubes or vessels, for 
the gas is made to enter and leave the vessel through capillary tubes, in which 
the velocity is so great as to render the effect of diffusion in these tubes entirely 
insignificant. 

We now assume that there is no mixing by convection; that is, we con- 
sider that all the parts of the gas move through the tube with the same uniform 
velocity, which we will designate by s. 

Let us now consider the changes of concentration of one of the reacting 
substances A, at a cross-section P which moves along with the gas (with the 
velocity s). The total change in concentration dc is equal to the sum of the chan- 
ges caused by time and motion respectively. 
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Thus, 
oc oc 
dc = BT og 


but dy/dt = s, therefore dy = sdt; and dc/dt, the time rate of change of the 
concentration at any fixed cross-section of the tube, is zero, since a stationary 
condition is assumed to prevail. The equation thus reduces to 


—=-=s—. (6) 


In the element of volume bounded by P and P’ the number of mols of react- 
ing substance (nA) which disappear by the reaction in the time dt is accord- 
ing to (1): gdydtkctcm ... where q is the area of the cross-section of the 
tube. 


Through the plane P, according to Fick’s law, the following number of 
mols of nA enter the element of volume: 


—Dq dt dc/oy. 


Here D is the diffusion coefficient of the gas A. Through the section P’ 
the following amount of nA leaves the element of volume; 


—Dgat [9 1 oe ) 
: (K+ Fe 


The total increase in nA in the time dt is therefore: 


2 
qdy a(D =< —keqy..) 


Hence, 
dc o*c 
a Daye kere... (7) 
Combining this with (6) we have: 
d*c dc 
DE Gy atl = 0. (8) 


ky will be used to indicate the velocity coefficient calculated by considering 
diffusion but by neglecting convection. 

We get one such equation for each of the reacting substances A,, Ag, A3, 
etc. In order to simplify matters we are now compelled to consider only those 
cases in which we have equivalent quantities of the reacting substances. The 
equation (8) now becomes: 


dc dc a 
De tay = 0. (9) 
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If there is only one reacting substance or if the different substances have 
diffusion coefficients nearly equal, the set of simultaneous equations reduces 
to a single one. In many cases these conditions are fulfilled; in others we shall 
have to remain content with an approximation obtained by calculating the results 
as though all the substances had the same diffusion coefficient D. 

Equation (9) can only be integrated, as it stands, when n = 1. When the 
order of the reaction is higher than the first, let us be content for the present 
with approximate results; we shall see, however, that these will be very close 
approximations if diffusion is sufficiently active to make the difference of the 
concentrations, between the ends A and B of the tube, relatively small. We 
may thus put c = ¢)+x where ¢, is the concentration at the section B and x 
is a quantity small compared to c, in those cases where n > 1. 

With sufficient accuracy we may write: 


o* = (Cot+x)" = co (cot+mx). (10) 
Substituting this in (9) we obtain: 
d*x dx 
De ta et) =0. (11) 


This is a linear differential equation with constant coefficients and can 
be solved in the usual way by substituting e™” for c)+nx. We then find for 
the complete solution: 


Cotnx = Be™+Bye™, (12) 
where B, and B, are constants of integration and m, and m, are found from the 
following equation by taking the + and the — signs respectively 
_ VEDA 
Sp (13) 

In order to determine the constants B, and B, we must take into account 
the relation existing between the diffusion coefficient, concentration, and veloc- 
ity of the moving gas and the quantity (Q) of reacting substance which passes 
any cross-section of the tube in a given time. This relation may easily be expres- 
sed in the form of the following equation: 


DQ dc 
—, = cqgs—Dq-. 14 
e—Daz, (14) 


dt 


At a cross-section through the tube near the porous plug B (y = L) the 
concentration is cy and the amount of reacting substances passing this cross- 
section is equal to that escaping from the tube through the porous plug B; 
in other words dQ/dt = cogs. We thus find by consideration of (14) that for 
y =L, dce/dy = 0. But c = c,4+x; hence from (12) follows: 





dc dx Bm, Bm, 
aa oe Eh Oe (15) 
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By substituting dc/dy = 0 and y = L in (15) we get one of the two equa- 
tions needed to determine B, and B,: 


B,m,e"¥+ Bam,eml = 0. (16) 
The other equation may be obtained by substituting y = L in (12); x then 
becomes zero by equation (10), and we have: 
Cy = Byem*®+ Byem . (17) 
Solving the simultaneous equations (16) and (17) we find: 


pupae Yemeni Ts 
cc taer m,—m," 

18 

2, hee (18) 


m, 
ent m,—m," 








Our next step is to find the concentrations prevailing at the end A of the 
tube. At the porous plug A the concentration will be discontinuous, that is, 
there will be a finite difference of concentration between the two sides of the 
plug no matter how thin the plug may be. Let a be the concentration of the 
reacting substances in the gas before passing the plug A, and a, the concen- 
tration just after passing it. On the side of the plug A facing B we have y = 0 
and c = a,, or x = a,—Cg. Substituting these values in (12) we get: 


na,—(n—1)cy = B,+B,. (19) 


Although c is a discontinuous function of y at the point A, this is not the 
case with dQ/dt, for none of the reacting substance disappears within the porous 
plug A. To the left of the plug, dQ/dt is equal to ags, while to the right of the 
plug it is a,gs—Dgdc/dy. Equating these two values and substituting for de/dy 
its value obtained from (15) by putting y = 0, and by rearranging the terms, 
we find: 


— F (a—a,) = Bym+Bym. (20) 


To simplify the application of the above formulas we will define three num- 
bers,! P, N and M, as follows: 


sL nk, cet L 


P= ap N= as M = j/P?+2PN. (21) 
Then from (13): 
{ mL = P+M (22) 
m,L = P—M 


+ P, N and M have each the dimensions zero. 
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By substituting these in (18) and in turn substituting the new expressions 
for B, and B, in (19) and by rearranging the terms we can finally make the 
equation take the form: 


na,—(n—1)¢y = MF (P sinh M+M cosh M).t (23) 


Similarly, from (18), (20), (21), and (22) we obtain: 


¢N sinh M 
n(a—a,) =F “M (24) 


To find the concentration at points between the ends A and B, of the tube, 
we make these same substitutions in the equation (12). 
The result is: 








Cotnx = Woe = 
= acum [P sinh M(1—y/L)+M cosh M(1—y/L)]. | (25) 
By adding (23) and (24) we obtain: 
na—(n—1)c¢y = (cosh M+ NA sinh m). (26) 


We shall now consider certain special cases for which equation (26) will 
take very simple forms. 


First Case, Mixing Nearly Complete. — Let us consider the case that P is 
small compared to 1, so that P? can be neglected in comparison with 1. Then 
M is also small and sinh M can be expanded into a series of which we need 
take only the first two terms: 


sinh M = M+M?/6 and cosh M = 14+M?/2. 


Substitute these in (26), then substitute for M its value in terms of P and 
N from (21). Expand the e? into a power series taking only the first three terms. 
Then divide the numerator of the second member of the equation by the deno- 
minator and neglect, in the result, terms containing P?. Rearrange the terms, 
substitute for N its value from (21) and put L = st, where t is the time during 
which the gas particles remain in the tube. In this way we obtain: 


a—cy = kycrt(1+4NP). (27) 


This equation holds approximately in all cases where {NP is small (less 
than 0.1) even if 2 > 1 and a is large compared to cy. For as long as NP is small, 
@,—C, is also small compared to ¢y, as can readily be shown from equation (23); 
and therefore (10), upon which (27) is based holds good. 


1 Sinh M (hyperbolic sine of M) is equal to jem —}em; coshM = 4eM4 hem, (See J. W. 
Mellor’s Higher Mathematics, etc., for a table of the hyperbolic functions.) 
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By combining (5) with (27), remembering that }NP is small compared 
to 1, we get: 
ey = Ry (1—4NP). (28) 
A form sometimes more convenient can be obtained from (28) by substi- 
tuting for N and P their values from (21). Then by considering that ky, and 
k, differ from each other only slightly and that L = st, and by combining 
with (5) we get: 





Kew a(t nsL <4). 


6D Cy 

Second Case, Only Slight Mixing. — We will now take the case where D/s 
is so small that there is only slight mixing of the gases in the tube. The con- 
centration a, therefore, will differ only little from a so that if a is large com- 
pared to c, the equation (26) will not hold except when n = 1. Hence we can 
best treat the case before us by going back to the original differential equa- 
tion (9). Since D is small we can, without serious error, substitute for d*c/dy* 
an approximate value obtained as follows. Put D = 0 in (9); this gives us a 
sufficiently accurate value for dc/dy. By differentiation we get: 


(29) 


dc nkye™-)_ de 
dz  s  dy" 
Substitute this in (9): 
Dnk, dc dc 
gle ta ee Eg ee 


This equation holds between the porous plugs A and B, but since c is discon- 
tinuous at A, it does not apply at A itself. 
kg can be calculated from (30) by placing D = 0: 





dc 
Sr => —hk, dy. 
Subtract this from (30): 
Dnk, di 
(Rp—he)dy = 2 


Since kp—k, is small we can substitute k, for kp in the second member, 
making an error of the second order only. We now integrate: for y between 
the limits 0 and L, and for c between the limits a, and ¢). 


Dnk 
s 





(Rp—Rg)L = 


8 log a 
0 


@, differs from a by a small quantity of the first order, but in determining 
ky—k, we can replace, in the second member, a, by a and cause an error of 
the second order only. The equation may now be written: 


a 
ky = ig (14 3" tog &): (31) 
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When n = 1 or when a does not differ much from cy equation (31) can be 
shown to be equivalent to: 


ky = (14 ) (32) 


This last result can also be obtained from (26) by methods somewhat ana- 
logous to those used in the derivation of (27), making the assumption that D 
is small and neglecting terms of the second order. 

We see by a consideration of the equations (32), (28) and (21) that 1/P is 
a measure of the amount of mixing caused by diffusion. 

When 1/P is zero there is no mixing and equation (26) reduces to (3) or 
(4) or at least it does so when the assumption’ that was made in its derivation, 
is fulfilled. 

When 1/P increases without limit then there is complete mixing and equa- 
tion (26) becomes identical with (5). 


Conclusions and Summary’ 


In order that the formulas which have been derived, may be applied by 
those who have not cared to follow the rather long calculations that were neces- 
sary, the following pages will be devoted to a brief statement of the problem 
which I have attempted to solve and of the results obtained. 

We have considered the problem of determining the change of composi- 
tion which will occur in a reacting gas while it passes with uniform velocity 
through a heated tube. We have taken into account the effect of diffusion and 
convection on such change of composition. 

The heated portion of the tube is assumed to have a uniform temperature 
and to be of the same cross-section throughout its length. The gases are sup- 
posed to enter and leave this heated portion so rapidly that no perceptible 
reaction takes place except in this sharply defined heated region. This may 
be done in practice by using capillary tubes. 

We consider only those cases where the walls of the tube do not act cata- 
lytically and where the reaction takes place without change of volume or where 
the change of density in passing through the tube is small — in any case, less 
than ten per cent. 

If the reaction is of an order higher than the first, that is, if 2 > 1 we as- 
sume: 

1. That the reacting substances are present in equivalent amounts. 

2. That the diffusion coefficients of the different reacting substances have 
the same magnitude. If this should not be the case, then those formulas given 
below which involve the diffusion coefficient D will not give accurate results; 


1 This assumption is that when n> 1, a, differs only little from co. 
3 For the meaning of the symbols used see the list at the end of this paper. 
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but in most cases by substituting in the formula first the value of the largest 
diffusion coefficient possessed by any of the substances and then the value 
of the smallest coefficient, we can obtain two results between which the true 
result must lie. It should be noted that the diffusion coefficients of gases do 
not differ very largely from each other. 

In the following several paragraphs, are given the formulas of the most prac- 
tical value: : 


ket = log. This holds only for » = 1. (3) 

0 
Rife Eh... ahaa shold 1 4 
ee Alc gt] 1s holds forz>1. (4) 


These formulas hold accurately only when diffusion and convection do 
not cause any perceptible mixing of the gases in the tube. 

If it can be safely assumed that convection plays but a small part compared 
to diffusion — and from the considerations given in the early part of this paper 
(after equation 5) this does appear probable — then we may say with certainty 
that equations (3) and (4) hold accurately whenever the quantity (nD/sL) log 
(a/¢o) is negligibly small compared to 1. If this quantity is not negligible 
but has a value less than 0.1, then the following equation gives a very close 
approximation to the true velocity coefficient: 


a 
ky = (1422 tog): (31) 


When diffusion and convection are so active as to cause complete mixing 
of the gases in the tube, the velocity coefficient should be calculated from the 
following equation: 

An—Co = hy cht. (5) 

In order to decide whether the mixing is complete or not, we have the fol- 
lowing simple criterion. If the quantity (msL/6D)[(a—cy)/co] is negligible com- 
pared to 1, then it is certain that the mixing is so nearly complete that equation 
(5) will hold accurately. When this quantity is bot negligible but has a value 
not exceeding 0.1 then the following is a close approximation for the velocity 
coefficient if convection plays but a small part compared to diffusion: 

nsL a—Cy 
ky = ia see $4). (29) 

If we are not able to assume that the effect of convection is negligible, we 
have, at least, the following to help us to determine the true velocity coeffi- 
cient k: 

kg<kp<k<ky. (33) 


When convection is negligible k becomes identical with kp. On the other 
hand when convection is much more important than diffusion, k approaches k,,. 


5 Langmuir Memorial Volumes I 


Google 


66 Velocity of Reactions in Gases Moving through Heated Vessels 


Equations (31) and (29) should never be applied except when the second 
terms in the parenthesis are numerically less than 0.1 or (for very rough re- 
sults) 0.2. In those cases where both these quantities are larger than the num- 
bers given, the coefficient k, may be calculated with almost any desired degree 
of accuracy, by a method of approximation, from equation (26)! provided that 
when n > 1 the quantity a, (calculated from equation 23) differs only by a relat- 
ively small amount from cy. The details of this calculation will be discussed 
later in a paper which will deal with the application of the formulas here derived. 

The numerical values of the diffusion coefficients of many pairs of gases 
are easily available, for example in Landolt-Bérnstein’s Tables; in all cases, 
however, the diffusion coefficients may be calculated with sufficient accuracy 
from the coefficients of internal friction.? The order of magnitude of all diffu- 

sion coefficients is about the same. In 


Lemost | {| | [| | if) nearly all cases, except when one of 
ac eeeeei the gases is hydrogen, the diffusion 

coefficients have values at 0°C. which lie 
lal | RERREE between 0.09 and 0.2 cm? per second. 
The diffusion coefficient increases ra- 
pidly with the temperature, nearly in 
proportion to the square of the absolute 
temperature. 

In conclusion, to give a clearer idea 
of the effect of diffusion on the compo- 
sition of gases passing through heated 
tubes, I have calculated, as an example, 
a curve (Fig. 2) giving the concentration 
of the reacting substance in a hypo- 


kins thetical experiment as a function of the 
ine ake Sat distance from A, the end of the tube 
Th ae ea a ae A at which the gas enters. 

ae B The gas is assumed to enter the 
tube (of 10 cm length) with the con- 
centration a = 22.32 and to have the 
velocity s = 1 cm per second while in the tube. The reaction is taken to be 


monomolecular and its velocity coefficient equal to 0.1. Three cases are 
considered: 





Fic. 2. 


1. Diffusion and convection play no part; this gives us the curve S, calcu- 
lated from equation (3). 

2. Convection is absent, but diffusion occurs, the value of D being taken 
as equal to 5.0. Curve D is thus calculated from equations (25) and (24). 


1 See under the heading Derivation of Equations. 
2 See O. E. Meyer, Die Kinetische Theorie der Gase, 2nd ed., p. 274. 
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3. Diffusion and convection cause complete mixing, thus making the con- 
centration throughout the heated portion of the tube constant. Equation (5) 
here gives us the curve M. 

It appears, clearly, from the curves that diffusion and convection tend to 
decrease a—cy, that is, they act in a way equivalent to a decrease in the velocity 
of the reaction. 


List of Symbols and Their Meanings 
The numbers in parentheses refer to equations in the text. 


a =concentration of the reacting substances in the gases before entering 
the heated portion of the tube. See c. 
a, = concentration of the reacting substances immediately after entering 
the heated portion of the tube. Thus in Fig. 1, a, is the concentra- 
tion on the right-hand side of the porous plug A. See c. 
¢ =concentration of the reacting substance inside the heated portion 
of the tube, at any distance y from the porous plug A, Fig. 1. All 
concentrations are to be measured in mols. per unit of volume. 
¢) = concentration of the reacting substances in the gases leaving the 
heated portion of the tube. See c. 
= true velocity coefficient of the reaction. Defined by (2) when this 
is applied to homogeneous gas mixtures. 
ky = velocity coefficient calculated from (26), (29), (31) or others. It may 
be different from k. 


cd 


ky = velocity coefficient calculated from (5); it may differ from k. 

k, = velocity coefficient calculated from (3) or (4); it may differ from k. 

L = length of heated portion of tube. 

M = a number defined by (21). 

N =a number defined by (21). 

n = order of the reaction. See (2). 

P =a number defined by (21); 1/P is a measure of the amount of mix- 
ing caused by diffusion. 

s = linear velocity of the gases while passing through the heated portion 
of the tube. 

t = time required for the gases to pass the length of the heated portion 


of the tube. t = L/s. 
y = distance measured to the right from the porous plug A, Fig. 1. 
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Journal of the American Chemical Society 
Vol. XXXIV No. 10, October (1912). 


Durinc the life of a tungsten lamp the vacuum gradually improves.? This 
“clean-up” of gas is often of electrical nature and depends, to a very marked 
degree, on the voltage across the terminals of the filament, as well as on the 
temperature of the latter. In making a careful study of the nature of this clean- 
up with various gases, some points have been observed that seem to be of suffic- 
ient general interest to warrant their publication. 

The present paper will deal with some observations made in experiments 
on the clean-up of hydrogen. 


‘Clean-up’? of Hydrogen 


When a tungsten wire is heated to a temperature between 1300°K and 
2500°K in hydrogen at very low pressure (0.001 to 0.01 mm) the hydrogen 
slowly disappears. The rate of disappearance depends on many factors and 
varies widely according to conditions, ranging from 0.002 to 0.20 cu mm of 
hydrogen (at 1 atm) per minute per micron (0.001 mm) of initial pressure. 


Apparatus. The apparatus used in the experiments which furnished 
the following data consisted essentially of a Topler pump, McLeod gage, 
and U-tube dipping in liquid air separating the pump and gage from the lamp 
being exhausted. The apparatus was so designed that the gases delivered by 
the pump could be collected over mercury and mixed with either oxygen 
or hydrogen and brought in contact with a glowing platinum wire and returned 
to the vacuum system without coming into contact with any stopcocks or any 
substance other than glass, mercury or platinum. With this apparatus we are 
able to make quantitative analyses of amounts of gas as small as 1 cu. mm, 
determining the following constituents: HyO, CO,, CO, Hs, Og and N, (the 
latter by difference). The errors of the analyses are less than 5% with 1 cu. mm 
of gas and much less when larger quantities are used. Each lamp experimented 
with was exhausted and then heated for an hour or more to a temperature 


1 Paper read at the Washington meeting of the American Chemical Society, December, 1911. 
Abstract appeared in Science 35, 428 (1912). 
® W. R. Whitney, Proc. Am. Inst. Elec. Eng. 31, 921 (1912). 
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from 360 to 500°C, in order to drive out as much as possible of the moisture 
from the surface of the glass. 

Effect of Temperature of the Wire. — As a general rule, the clean-up was 
the more rapid the higher the temperature of the wire, but the temperature 
coefficient was very much less than that of an ordinary chemical reaction. 
The effect was often quite marked when the wire was at a temperature as 
low as 3100°K. This is in strong contrast to the effects observed in nitrogen 
for with this gas the “clean-up” does not begin to appear until the tempera- 
ture is 2200°K or above, and then increases extremely rapidly with the tempera- 
ture, or more especially with the voltage. As an example of the way the rate 
of clean-up of hydrogen depends on the temperature, the results given in Table I 


may be of interest. 
Taste I 


Relation between Temperature of Wire and Rate of “Clean-up” 





Average rate of 











Approx. temp. Durstion. ot run, dnstial preastite, “clean-up” : 
; cu. mm per min 
1300° | 15 16.1 | 0.21 
1500 10 | 14.3 | 0.29 
1800 10 | 12.3 | 0.37 
2300 10 | 18.9 0.78 
2400 10 14.2 0.36 
2600 10 12.0 0.34 
2400 10 15.8 0.35 
2300 10 20.5 \ 0.31 
1800 10 11.3 | 0.08 
1500 10 | 16.5 0.04 
1300 10 16.2 | 0.01 








Fatigue Effect.— The rate of clean-up gradually becomes less and less. This 
is clearly illustrated in Table I, where the rates with the descending tempera- 
tures are seen to be much lower than at the same temperature ascending. In 
other cases a long continued treatment of the wire in hydrogen has brought 
the clean-up practically to a standstill. 

This fatigue effect is not due to any change in the wire. If, for example, 
two sections of wire be placed in a lamp and furnished with separate electrical 
connections, and one of these sections be heated until the clean-up has ceased, 
then it is found that changing over to the other section of filament never restores 


the effect. 
Effect of Voltage and Polarity. At any given temperature of the wire 


the voltage taken by the filaments seems to be without influence on the rate 
’ of clean-up. This is very different from the effects observed with nitrogen 
at 2200° or above. The direction of the current is also without influence. 
Temperature of Bulb.— The bulb temperature was varied between —193°C. 
(liquid air) and +360°, but no very marked effect on the rate of clean-up 
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was observed. There is some evidence that the clean-up is slightly more rapid 
when the bulb is hot than when it is cold. These tests were made only while 
liquid air surrounded the U-tube between the lamp and the pump. 


Clean-up of Methane.— When a tungsten filament is heated in methane 
at low pressure the carbon is taken up by the wire, as proved by the increase 
in the resistance and the decrease in the temperature coefficient of the resistance. 
In some cases the pressure increases to nearly double its original value, as is 
to be expected from the equation 


CH, = C+2H,. 


But under other conditions the volume actually decreases. This is due to the 
clean-up of hydrogen as observed with pure hydrogen. 


Attempts to Recover the Hydrogen.— By pumping out what hydrogen remains 
and heating the filament at a very low or a very high temperature, no hydro- 
gen is recovered. In one case, after about 35 cu. mm of hydrogen had been 
made to disappear, 4 cu. mm were recovered by heating the bulb to 115° and 
simultaneously heating the filament. 

Other phenomena observed in connection with the clean-up of hydrogen 
throw a great deal of light upon the fate of the cleaned up gas. These will now 
be described. 


Non-recondensable Gas 
“NR Gas” 


If, after a considerable quantity of hydrogen has been made to disappear, 
the wire is allowed to cool and the liquid air is removed from the U-tube, a cer- 
tain amount of gas (1—7 cu. mm) will be set free. If, now, the liquid air be 
replaced little, if any, of this gas will be recondensed. Gas obtained in this 
way and having these properties we have called NR gas. Carbon dioxide, which 
is given off in small amount from the surface of the glass when first heated, 
is condensed by liquid air completely and is liberated almost instantly when 
the liquid air is removed, but of course it condenses again when the U-tube 
is dipped in liquid air. This makes it impossible to mistake NR gas for carbon 
dioxide. The formation of NR gas has never been observed except after heat- 
ing a wire for a considerable time in a gas containing hydrogen. 

In attempting to analyze this NR gas some remarkable phenomena were, 
observed. The usual method of analysis of gases was as follows: The gas was 
pumped over into a small bulb of about 1 cc. capacity, which contained a short 
piece (2 mm) of very fine platinum wire. This wire was then brought to a dull 
red heat for a couple of minutes and the gas was then allowed to return to the 
system and readings were taken on the McLeod gage to determine if there had 
been any contraction. Such contraction would denote the presence of oxygen 
together with carbon monoxide or hydrogen. The carbon dioxide or water vapor 


Google 


A Chemically Active Modification of Hydrogen 71 


produced by such a combination would be condensed by the liquid air. Then 
a measured excess of pure oxygen was admitted and the reading again taken 
on the gage. In any ordinary analysis the amount of gas calculated from the 
increase in pressure indicated by the gage would agree closely with the measure- 
ment of the volume of oxygen made before admitting it to the system. The 
mixture of oxygen with the sample of gas was now again pumped over into 
the small ignition bulb and the wire brought to a red heat. After allowing the 
gas to again return to the system and permitting the liquid air to condense the 
carbon dioxide or water vapor formed, the gage was again read. Two-thirds 
of the contraction gave the amount of hydrogen plus carbon monoxide. By 
replacing the liquid air by solid carbon dioxide in acetone, the carbon dioxide 
in the system was liberated, while the water vapor was held back. From this 
increase in pressure the amount of carbon dioxide could be calculated and 
from this was found the carbon monoxide originally present. As the sum of 
the hydrogen and carbon monoxide was known, the amount of hydrogen 
could now be calculated. 

This method of analysis had proved extremely reliable and satisfactory for 
all gases liberated within the bulbs of lamps except after the filament had been 
heated in the bulb for a long time in presence of a gas containing hydrogen. 
Our first real difficulty arose when we attempted to analyze some NR gas. 
The following is a typical example of what then happened. 

In one experiment, after a long extended series of treatments of the fila- 
ment in methane, water vapor, hydrogen and vacuum, a very large quantity 
of NR gas was obtained when the liquid air was removed and then replaced. 
The actual quantity was 7.3 cu. mm. Only a very slight contraction took place 
when this gas was brought into contact with the glowing wire in the ignition bulb. 
A measured volume of 9.6 cu. mm of oxygen was then admitted to the system. 
This should have given a total volume of 7.3+-9.6 = 16.9 cu. mm of gas in 
the system, but actually only 9.6 cu. mm was found. Thus there had been a disap- 
pearance of 7.3 cu. mm of gas. A fresh portion of 11.4 cu. mm of oxygen was 
admitted, but this only caused an increase in the amount of gas from 9.6 to 
9.7 cu. mm. A third addition of 25.3 cu. mm of oxygen finally increased the 
volume to 32.7 cu. mm, only 2.5 cu. mm less than if no further contraction 
had taken place. Thus the total amount of oxygen which had been added was 
46.3 cu. mm, but this caused an increase of volume of only 25.4. In other 
words, 20.9 cu. mm of gas, presumably oxygen, had disappeared, although 
the whole system was at room temperature (except the liquid air tube). It 
must be emphasized that nearly two years’ experience in working with this 
apparatus has shown that nothing of this sort ever occurs except after the wire 
has been heated for some time in gases containing hydrogen. 

The gas mixture which now undoubtedly contained an excess of oxygen 
was pumped over into the ignition bulb and ignited. Upon allowing it to return, 
the contraction was found to be 20.5 cu. mm. Two-thirds of this (13.7 cu. mm) 
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gives the hydrogen present in the mixture, no carbon dioxide being found 
by substituting solid carbon dioxide for the liquid air. It will be noted that 
the amount of hydrogen found is nearly double the amount of NR gas 
originally present. 


Disappearance of Oxygen 


It was found that this disappearance of oxygen was not caused by the NR 
gas, for if the latter were pumped out before the oxygen was admitted the same 
phenomenon would be observed. In this case, after enough oxygen had been 
added so that it ceased disappearing, an analysis showed the presence of se- 
veral cu. mm of hydrogen; that is, the oxygen not oly disappeared but was 
partially replaced by hydrogen. 

In order to make sure that the disappearance of oxygen was not caused 
by the oxidation of very finely divided tungsten on the bulb, the following 
experiments were made: The filament of a lamp was heated to a tempera- 
ture of about 3000°K in a good vacuum until the bulb was nearly black. After 
cooling the filament oxygen was admitted, but no contraction could be ob- 
served. Another time the bulb was blackened in a similar way in a good vacuum 
and a mixture of oxygen and hydrogen was then admitted, but here too no 
contraction could be detected, showing that the tungsten deposit did not 
act catalytically on the reaction between oxygen and hydrogen. 

In some experiments the lamp and liquid air tube were sealed off by a mer- 
cury seal from the rest of the system, just before admitting oxygen to the latter. 
Little or no contraction occurred in these cases, but on opening the seal and 
allowing the mixture to enter the lamp the contraction took place. 

The presence of liquid air around the U-tube was not necessary for the 
production of these phenomena. In one case no liquid air was used on any 
part of the system, and yet the heated filament caused a disappearance of hydro- 
gen and subsequently, on admitting oxygen, after cooling the filament, the 
disappearance of a large part of the oxygen was observed. 

If, after hydrogen has been made to clean up by heating the filament, the 
latter is allowed to cool and nitrogen (or hydrogen) be admitted, no contraction 
in volume occurs like that observed with oxygen. 

In some cases, while liquid air still remained on the lamp, oxygen was 
admitted to a lamp which had been immersed in liquid air during the treat- 
ment in hydrogen. The oxygen disappeared extremely slowly under these 
circumstances, but on removing the liquid air a rapid contraction took place. 


Probable Explanation of the Phenomena 


The following tentative theory seems to offer a satisfactory explanation of 
the observed phenomena: 

The hydrogen dissolves slightly in the heated tungsten wire and as is usually 
the case for gases dissolved in metals, it will probably be in the atomic con- 
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dition. The concentration of the dissolved hydrogen would be proportional 
to the square root of the pressure, so that the relative solubility at low pressures 
would be much greater than at atmospheric pressure. 

The hydrogen atoms, in diffusing out of the metal, find little opportunity 
to combine together to form molecules, because of the extremely low pressure. 
The author has shown! that hydrogen at very high temperatures is largely 
dissociated into atoms. From the formula given the degree of dissociation 
is calculated to be: 


Per cent dissociation 


Temperature 
°K at 760 mm at 0.001 mm 
1500 0.00045 0.39 
2000 0.13 69.0 


Thus over the range of temperature and at the pressures in which the clean- 
up of hydrogen is observed, the degree of dissociation of hydrogen is quite 
appreciable. This would indicate that a part of the hydrogen which diffuses 
out of the metal is in the form of atoms, even after leaving the surface of the 
metal. At ordinary pressures these atoms would combine in pairs to form 
hydrogen molecules, but at the pressures with which we are here dealing the 
normal free path of the molecules is several times the diameter of the lamp 
bulb, and hence the atoms fly directly from the surface of the wire to the surface 
of the glass, without having any opportunity to combine. Some of these atoms 
of hydrogen are held on the surface of the glass by adsorption. Perhaps the unsa- 
turated chemical affinity of the atomic hydrogen gives it unusual tendencies 
to be adsorbed on surfaces, or possibly it actually forms some unstable chemi- 
cal compounds with some of the constituents of the glass. Or, again, perhaps 
some electrical phenomena are involved in the adsorption of the hydrogen. 
But in any case the experiments indicate that the active substance deposits 
on the glass as if by adsorption. Another portion of the hydrogen atoms diffuses 
out of the lamp bulb into other parts of the system. In the tube cooled by 
liquid air the adsorption is greater than in the parts of the system at room tem- 
perature, so that when the liquid air is removed part of the atomic hydrogen 
is liberated and immediately forms ordinary molecular hydrogen, which con- 
stitutes the NR gas. 

The fatigue effect is also readily accounted for by this hypothesis. For 
example, if after a certain number of hydrogen atoms are adsorbed by the 
bulb the supply of atomic hydrogen continues, the effect will be that the fresh 
atoms will combine with ones on the glass and set free ordinary hydrogen. 
In other words, the glass will be capable of retaining only a very small amount 
of this atomic hydrogen. 

A priori a fatigue effect of this kind might be supposed to be due to a kind 
of balance between the rate of leakage of hydrogen off the bulb and the rate 
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of deposition on it. In this case one would expect that the hydrogen would 
leak off the bulb when the current is turned off, at about the same rate as it 
would be deposited on the fresh bulb. But this is far from being the case. 
Only in rare instances, after very prolonged treatment, was any evolution of 
gas from the bulb observed on turning off the current. This fact receives a simple 
unforced explanation by the above hypothesis. 

The atomic hydrogen on the bulb and in the liquid air tube must retain 
all of the chemical activity that it possessed when dissolved in the metal. In 
fact, its free energy must be much greater than when dissolved in a metal. 
It is therefore quite natural that it should be capable of combining directly 
with oxygen at room temperature, just as it would do if it were dissolved in 
platinum black. In this way the hypothesis accounts fully for the disappear- 
ance of oxygen observed in the experiments. 

This theory of the disappearance of oxygen would also account for the 
observed fact that introducing oxygen into the bulb removes the fatigue effect 
observed in the clean-up of hydrogen. 

The fact that the solubility of hydrogen in metals decreases at high tem- 
peratures would furnish a reason for the rate of disappearance of hydrogen 
not increasing as rapidly with the temperature of the wire as is the case in ordi- 
nary chemical reactions. 

The observed excess of hydrogen found by analysis after an excess of oxy- 
gen had been added would indicate that although the oxygen combines with 
a part of the active hydrogen on the bulb, it liberates another part of the hydro- 
gen in the molecular form. It may be supposed that the hydrogen atoms 
are held only very short distances apart on the bulb and that even very slight 
disturbances will bring them into combination. 


Test of the Theory 
In order to test the validity of the above theory and to obtain these effects 
on a larger scale, several changes were made in the conditions of the experi- 
ments. 


Effect of Cooling the Bulb by Liquid Air.— It was thought that by cutting 
down the distance from the heated wire to the cooled glass surface the amount 
of clean-up and of NR gas would be increased. A lamp was made in tubular 
form (Exp. 183), so that it could be completely immersed in liquid air while 
running. The liquid air U-tube was also retained. The effect of the liquid 
air was to greatly facilitate the production of NR gas. Without liquid air the 
average amount of NR gas produced after short treatments in hydrogen was 
0.4-0.8 cu. mm. But with liquid air around the bulb the quantities under 
similar conditions were 1.7-2.0 cu. mm. 

Platinum Wire Filament (Exp. 186).— Presumably the solubility of hydro- 
gen in platinum is greater than in tungsten and it was therefore expected that 
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with filaments of this material, the production of NR gas would be more rapid. 
As before, a tubular bulb immersed in liquid air was used. 

With the wire at 1700°K the rate of clean-up was only slightly greater 
than with tungsten, but the rate at which NR gas could be produced was about . 
double that obtained with the tungsten filament under similar conditions. 
In other respects the phenomena with the platinum wire were exactly like 
those with the tungsten. 

Palladium Wire Filament (Exp. 188).— A palladium wire lamp was made 
similar to the platinum wire lamp, and tested in like manner, with the wire 
at about 1400—1500°K. The average rate of disappearance of hydrogen was 
about 3 times that with a tungsten wire and the rate of production of NR gas 
was about 10 times as great as with tungsten. With this lamp the largest amount 
of NR gas ever produced was obtained, namely 9.4 cu. mm. The treatment 
in hydrogen preceding this evolution of NR gas lasted only 20 minutes, where- 
as with tungsten lamps only in one case was more than 2 cu. mm of NR 
gas ever obtained. In this exceptional case, 7.3 cu. mm were produced, but 
only after treatment in methane, watér vapor, and hydrogen extending over 
many days. 

With palladium it was expected that the absorption of hydrogen by the 
metal and its catalytic effect on the reaction between oxygen and hydrogen 
would be very marked, but this was not found to be the case. In the early 
part of the experiment the filament had been heated to about 1550°K for a short 
time and this had caused a considerable amount of palladium to volatilize and 
deposit on the bulb, producing very distinct blackening. Yet even with this 
very large surface of palladium exposed, the absorption of hydrogen and disap- 
pearance of oxygen without previous heating of the filament were not nearly 
so marked as with the ordinary heated tungsten filament. In order to try to 
produce effects similar to those observed with tungsten lamps, but without 
esting the filament, the following experiments were made with the palladium 
amp: 

The lamp which contained a good vacuum was heated in the oven to about 
350° to expel any gases that might have been absorbed by the bulb during 
previous work. Only a very little gas was evolved during this heating. The 
lamp was then cooled to 220° and exhausted to a good vacuum, after which, 
and while the bulb was still at 220°, hydrogen at atmospheric pressure was 
admitted. The lamp was next cooled to room temperature and then im- 
mersed in liquid air. Liquid air was also on the condensing tube underneath 
the lamp during the entire experiment. With the bulb cooled by liquid air, 
the hydrogen was then all pumped out. 

The liquid air was then removed from the bulb of the lamp, with the expect- 
ation of a consequent evolution of hydrogen (NR gas). The evolution took 
place, but very slowly, amounting in about 30 minutes to 1.25 cu. mm. By the 
following morning it had increased to about 6 cu. mm. This was mixed with 


Google Re Lee 


76 A Chemically Active Modification of Hydrogen 


oxygen and ignited and the resulting contraction indicated it to be almost en- 
tirely hydrogen, but it was also NR gas, for when it was first produced by re- 
moving the liquid air from the lamp bulb, there still remained liquid air on 
the condensing tube, and yet the gas would not recondense. 

Moreover, liquid air was replaced upon the lamp bulb about 7 minutes 
after its removal and this not only failed to cause a contraction, but did not 
even stop the evolution, and after a few minutes it was again removed, the gas 
continuing to come off during the night as already stated. 

After the ignition test had been made, the liquid air was removed from 
the condensing tube, but no additional evolution resulted. 

There was a considerable disappearance of the oxygen which was admit- 
ted, when mixed with the gas, and before the ignition took place, but no accu- 
rate measurement of this was made. After pumping out the residual gases, 
however, careful tests for additional disappearance of oxygen admitted to the 
exhausted lamp were made. With liquid air on the bulb, the disappearance 
was slight, about 1.5%, but with no liquid air on the bulb it amounted to 12%. 

The disappearance was slow, only one-half taking place in the first 37 mi- 
nutes. In a second trial for the production of NR gas without treating the fila- 
ment and following the method already described, the amount of NR gas evol- 
ved upon removing the liquid air from the bulb was 6.6 cu. mm. 





Taste II 
I ul rite | av v vi | vi | vir 
Experi- ‘Treatment Disappearance NR gas| Apparent | H, by | Calc. |Per cent} Remarks 
ment in H, of H, | cu.mm | disappear- | analysis |recovery|recovery, 
min cu.mm ance of O, |cu.mm| of H, 
cu.mm cu.mm 





160 | several days | greater than 45 | 7.3 20.9 13.7 | 68.0 ? Bulb at 20°C 


183 89 5.5 1.77 0.71 2.13 | 4.27 | 78.0! Bulb in liquid 
| air 
49 8.0 1.75 0.84 2.03 | 4.27 | 53.0 
54 7.3 2.02 0.49 2.33 | 3.93 | 54.0 
51 41 | 1.61 0.74 1.72 | 3.42 | 83.0 
74 | 5.0 ! 1.91 1.07 2.77 | 6.6 | 120.0 
186 | 94 5.7 2.23 0.62 2.27 | 3.59 | 63.0 Platinum fila- 
| ment; bulb in 
liquid air 
188 20 10.2 | 9.4 2.46 7.8 ? ? | Palladium fi- 


lament; bulb 
1 in liquid air 


25 | 8.0 6.7 2.13 7.6 13.4 | 168.0 





























After pumping out this gas, 8.8 cu. mm of oxygen was admitted to the sys- 
tem with liquid air on the lamp bulb. In 11 minutes, the volume was 8.5 cu. 
mm, showing a disappearance of only 0.3 cu. mm of the oxygen. 

Upon removing the liquid air from the lamp bulb the volume shrank to 
7.5 cu. mm in 23 minutes. After 19!/, hours more the volume had contracted 
to 6.6 cu. mm and after remaining for an additional 44 hours there were only 
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4.7 cu. mm of gas remaining, or a total disappearance of 4.1 cu. mm after remov- 
ing the liquid air from the lamp bulb. 

Direct tests were made to determine whether the palladium deposit on the 
bulb would cause the combination of a mixture of hydrogen and oxygen at 
a few microns pressure. The results showed that with the bulb at room tempe- 
rature the rate of reaction was so slow that it could not be measured with cer- 
tainty. And with the bulb cooled in liquid air there was no indication of such 
a combination occurring. 

These experiments demonstrate conclusively that the ordinary effects ob- 
served when heating the filament in hydrogen are in no way connected with 
any metallic deposit on the bulb. 

A summary of a few of the results of Experiments 160, 183, 186, and 188 
is given in Table II. Column 2 gives the time of treatment in hydrogen; Co- 
lumn 3 gives the amount of hydrogen which disappeared. 

Recovery of the Hydrogen. — According to our theory the hydrogen which 
disappears during contact with the hot filament is driven to the bulb. Part of 
this escapes as NR gas, part combines with the oxygen and part is liberated 
as ordinary hydrogen during the disappearance of the oxygen. The question 
how nearly these portions add up to the original amount of hydrogen which 
disappeared is answered by columns 7 and 8 of Table II. 

The amount of hydrogen liberated from the glass during the disappear- 
ance of oxygen is equal to the difference between the amount of hydrogen 
found by analysis and the amount of NR gas. Call this difference x and call 
the apparent disappearance of oxygen y. Then the true “disappearance of 
oxygen” is equal to x+y. The amount of hydrogen on the bulb which com- 
bines with the oxygen is then 2 (x+y). The total amount of hydrogen accoun- 
ted for is therefore the NR gas +2(x+y)+x. This “calculated recovery” has 
been tabulated in column 7, Table II. In column 8 is given the ratio between 
this and the “disappearance of hydrogen.” It will be seen that it is nearly always 
less than 100%, but is of the same order of magnitude. We can therefore con- 
clude that it is only a small portion of the hydrogen that cannot be recovered 
by the action of oxygen. The experiments have shown oxygen to be much more 
effective in liberating the hydrogen than heat applied to the bulb. Even by 
heating the bulb to 360°C only a very small part of the hydrogen can be re- 
covered, 

The water vapor produced by the action of oxygen on the active hydro- 
gen on the bulb is in much too small quantity to be detected, or to have any 
appreciable effect on the vacuum. It simply remains adsorbed by the glass 
or condenses in the liquid-air tube. 


Effect of Pressure. — Several attempts were made to increase the yield of 
NR gas by using higher pressures of hydrogen. At a pressure of 104 mm of 
mercury no perceptible clean-up could be observed. After a 15-minute run 
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at this pressure with the bulb immersed in liquid air the hydrogen was pumped 
out and the liquid air removed from the bulb for a time and then replaced. 
Only 0.6 cu. mm of NR gas was obtained. 

A series of experiments was made at lower pressure than usual, with the fol- 
lowing results: 














Tasce III 
Time of | Initial pressure, Clean-up 
treatment _ microns ~ from Gi. tani fl % Ca thn 
| 
5 0.40 i 1.14 | 0.135 
5 0.35 0.95 | 0.39 
13 0.45 1.30 0.42 
17 | 0.86 2.48 | 1.34 
12 | 0.49 |i A884? | 0.92 
| NR gas obtained 0.89 cu. mm | 





The results indicate that the best pressure for the observation of these various 
effects is from 1 to 20 microns and that nothing is to be gained by using higher 
pressures. This again is in agreement with the theory, for higher pressures 
would not only decrease the mean free path and so make it difficult for the 
atomic hydrogen to reach the bulb without recombination, but would also 
decrease the relative amount of dissociation of the gas diffusing out of the fila- 
ment. 


Experiments with Phosphine 


In September, 1910, we made some experiments to determine the effect 
of introducing phosphine into a lamp bulb while the filament is heated. The 
results were in many ways remarkable and seemed at that time inexplicable. 
At present, however, the results then obtained seem to fit in so well with our 
more recent experience with active hydrogen that they demonstrate the useful- 
ness of the present theory. As they are also of interest on their own account 
a description of these experiments will now be given. 

The experiment of most interest (Exp. 120) was made with a lamp contain- 
ing three sections of tungsten wire, 0.0012 inch diameter, each section being 
19.9 cm long. This was sealed onto a system consisting of Tépler pump, McLeod 
gage and “appendix” separated from the system by a mercury seal. This appen- 
dix could be immersed in liquid air and served for the removal of moisture 
and carbon dioxide. For experimental work we find this much more 
convenient and simple than phosphorus pentoxide. As we wish to measure 
gas volumes we avoid the use of charcoal or anything that might cause 
adsorption of gases. Even at liquid air temperatures the adsorption of nitrogen, 
oxygen and such gases by dry glass is negligibly small. 
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In the above vacuum system there was also a U-tube directly below the 
lamp which separated the lamp from the rest of the apparatus and which, during 
most of the experiment, was kept immersed in liquid air. The total volume 
of the system was about 800 cc., so the amount of gas in cu. mm is numerically 
very nearly equal to the pressure in microns. 

The lamp was exhausted at 360°C for 90 minutes to about 0.1 micron. 
The filament was heated 5 seconds to 1770°K, which caused the evolution 
of 3.3 cu mm of gas, mostly carbon monoxide. All but 0.4 cu. mm of this com- 
pound was pumped out. All three sections were then run in series for 15 mi- 
nutes at 2300°K. The quantity of gas in the system decreased from 0.4 to 0.05 
cu. mm, this being the ordinary (apparently) electrical clean-up usually ob- 
served with the filament at very high temperatures. After allowing the fila- 
ment to cool, a quantity of 2 or 3 cc. of phosphine was admitted to the system. 
The liquid air under the lamp condensed this and the impurities were pumped 
out. The pressure soon reached a constant value of 3.4 microns, or more 
accurately, on different days, different pressures, ranging from 2.5 to 3.5 
microns, were obtained, according to the freshness of the liquid air. The true 
vapor pressure must be less than this, in the ratio of the square roots of the 
absolute temperatures of liquid air and the McLeod gage. Hence at —185°C 
the vapor tension of PH, is 1.9 microns. 

The above mentioned rule that the pressure in various parts of any vacuum 
system (with pressure less than 5 or 10 microns) is proportional to the square 
roots of the absolute temperatures of the various parts, was discovered in this 
laboratory in September, 1909, and has since received ample verification. Knud- 
son? has fully described this phenomenon and given the explanation of it, but 
apparently it is not yet as well known as it should be. 

During the remainder of this entire experiment the phosphine remained 
condensed in the U-tube and continued to give a constant pressure of about 
3.4 microns of PH;. 

Section A was first heated to 1240°K. There was a steady evolution of gas, 
so that in 13 minutes the quantity of gas had increased from 3 to 78 cu. mm. 
This is exactly what was expected. It is well known that PH, is easily decom- 
posed by heat (above 400°C) producing hydrogen and phosphorus vapor. Since 
PH, is a distinctly exothermic compound (molecular heat of formation, 11,600 
g-calories) the degree of dissociation would constantly increase with rising 
temperature, so that, as the dissociation is apparently complete at 400°C, we 
should never expect this substance to form at higher temperatures, especially 
at low pressures. We should then expect the filament at 1240°K to dissociate 
the gas into its elements; the phosphorus condenses on the bulb, and the hydro- 
gen accumulates and causes the observed increase in pressure. 

This hydrogen was pumped out and section B was heated to 2020°K for 
19 minutes. During this time the amount of gas increased more slowly than 


1 Ann. Phys. 31, 205 (1910). 
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before for the first 4 minutes, and then remained constant during the next 
15 minutes. The total increase in volume was only from 3 to 17 cu. mm. 

A third run with the filament C at 2670° gave a result similar to the last, 
except that increase in volume was only 3 to 12. 

These results seemed remarkable, for it seemed thermodynamically neces- 
sary that the dissociation of PH, should occur at the higher temperatures at 
least as well as at lower temperatures. Yet the experiment indicated that the 
action was incomplete and seemed to reach some sort of equilibrium. To test 
this out, Section A was next run at 1240° again, with exactly the same result 
as before; that is, a continuous and rapid evolution of gas. Then instead of 
pumping this gas out, Section B was lighted to 2020°K in it. The result was 
very striking. The amount of gas decreased in 9 minutes from 76 to 31 cu. mm 
and then remained practically constant. Section A was now lighted to 1240 
and the volume steadily increased in 16 minutes from 31 to 96 cu. mm. Upon 
raising the temperature to 2020° the gas immediately began to decrease and 
in 10 minutes dropped from 96 to 39 cu. mm. 

We have here very clear evidence of a disappearance of very large quan- 
tities of hydrogen, and the natural assumption is that it recombines with the 
phosphorus to from PH, which then condenses again in the U-tube. But at 
the time the experiments were made, no satisfactory explanation of this pro- 
bable synthesis of PH, was thought of. 

We tried the effect of heating the bulb to 160°C. The only effect was to 
prevent the disappearance of such large quantities of gas. For example, with 
the bulb cold and the filament at 2020°, the amount of gas decreased from 
96 to 39, while under similar conditions, with the bulb at 160°C, the gas 
decreased only from 95 to 61. But the rate of disappearance, while it lasted, 
was very closely the same in the two cases. 

During these experiments the tungsten filament was not perceptibly 
altered in any way. The phosphorus was not absorbed, as was proved by the 
resistance of the wire remaining constant. No difference could be observed 
between the action of different sections of filament. No fatigue effect, such 
as would have been found with ordinary hydrogen, could be detected in these 
experiments. 

At present all these facts seem to receive a simple explanation in the light 
of our theory of the atomic hydrogen. In outline the explanation is as follows: 

At 1240° the PH, decomposes practically as rapidly as it comes in con- 
tact with the filament, the hydrogen accumulates indefinitely, while the phos- 
phorus deposits on the bulb as yellow phosphorus (it could easily be seen). 

When as filament at higher temperature, say 2020°, is heated in PHs, the 
gas is dissociated, as before, by coming into contact with the filament. The 
hydrogen formed, however, is very largely dissociated into atoms. These leave 
the filament and come in contact either with the phosphorus on the bulb or 
with phosphorus vapor in the space around the filament. In either case the 
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hydrogen atoms, because of their much greater free energy than ordinary hyd- 
rogen, combine at once with the phosphorus to reproduce the PH,. If we start 
out with a large excess of hydrogen the latter will rapidly disappear, whereas 
if we start at a low pressure, hydrogen will rapidly accumulate until it disap- 
pears at the same rate at which it is produced. 

By raising the temperature of the bulb to 160°C the phosphorus vapor rapidly 
diffuses out of the lamp bulb into the cooled U-tube and hence not enough 
remains in the lamp to combine with all the hydrogen present. But as long 
as the phosphorus does last, it allows the hydrogen to disappear at the same 
rate, as if the temperature of the bulb were lower. The rate in either case would 
be determined simply by the rate of dissociation of the hydrogen. 

The reason for the lack of any fatigue effect is also clear from this theory, 
for the phosphorus combines with the active hydrogen as fast as it is formed 
and it ceases to be a question as to the capacity of the bulb to retain it. For 
the same reason, the amounts of hydrogen which disappear in this experiment 
are very much greater than is ever observed with hydrogen alone. 

As far as I have been able to determine, the above experiments are the first 
which have led to a direct synthesis of PH, from its elements. 


Miscellaneous Observations 

Mixtures of hydrogen and nitrogen were tried, with the idea that perhaps 
the active hydrogen would combine with the nitrogen to form ammonia. But 
in every case the hydrogen would disappear and leave the nitrogen without 
change. 

The active hydrogen seems to be able to remain on glass several days 
without losing its activity. 

On the other hand, after a very long treatment of the filament in gases con- 
taining hydrogen the U-tube dipped in liquid air becomes so saturated that 
it gradually gives it up spontaneously. This is apparent if the attempt is made 
to exhaust the system to a very high vacuum. Great difficulty is experienced 
and there appears to be a slight leak, but if the liquid air is removed and shortly 
afterwards replaced, this difficulty at once disappears and the system can then 
be exhausted to a very high vacuum with ease. 


Summary 

1. When a tungsten wire is heated to a temperature between 1300° and 
2500°K in hydrogen at very low pressure (0.001-0.020 mm) the H, slowly 
disappears. 

2. With N, or CO such disappearance never occurs below about 2200°K 
and seems to be an electrical effect, while with H, it seems purely thermal. 

3. There is a distinct fatigue effect, but the substitution of a new section 
of wire does not restore the action. 
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4. The H, is not absorbed by the wire, but is deposited on the glass, espec- 
ially where the latter is cooled by liquid air. If the wire is allowed to cool and 
the liquid air is then removed, ordinary H, is set free which will not recon- 
dense when the liquid air is replaced. 

5. If this gas is pumped out and oxygen is admitted, the oxygen will disap- 
pear and in its place a small quantity of hydrogen will appear. 

6. With platinum and especially with palladium wires these effects are 
much more marked. 

7. These effects are not due to the presence of finely divided metal on the 
surface of the glass. 

8. When phosphorus is present on the bulb and H, is introduced and the 
wire heated, the H, disappears and PH, is formed (apparently the first direct 
synthesis of PHs). 

9. These effects are accounted for by the theory that the Hy, dissolves 
in the material of the wire in the atomic condition and that some of these atoms, 
leaving the wire, do not meet other atoms (because of the low pressure), but 
diffuse into the tube cooled by liquid air or become adsorbed by the glass, and 
thus remain in the atomic condition, retaining all of the chemical activity of 
the atoms. 

The author wishes to express his appreciation of the careful work of Mr. 
S.P. Sweetser, who has carried out most of the experimental part of this 
investigation. 
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THE DISSOCIATION OF HYDROGEN INTO ATOMS' 


Journal of the American Chemical Society 
Vol. XXXIV No. 7, July (1912). 


IN A previous paper* it was shown that at extremely high temperatures the 
power consumption necessary to maintain a tungsten wire at a given tempera- 
ture in hydrogen increases abnormally rapidly with the temperature. Let us 
represent by the exponent of the power with which the energy consumption 
varies with the temperature; or, in other words, let us define n by the equation 


n — d(log W) , 
~ d(log T) 
where W = watts per cm of length necessary to maintain the wire at the 


temperature T (absolute). 
It was found that increased with the temperature very rapidly, thus 


T n 
1000° 1.86 
1500 2.08 
2000 2.71 
2500 4.03 
3000 6.90 
3400 10.1 


An analysis of the mechanism of the convection or conduction of heat failed 
to suggest any reason why n should ever become greater than 2. The most 
probable explanation was thought to be that dissociation of the hydrogen mo- 
lecules into atoms was taking place. This dissociation in the region close to 
the hot wire would absorb large quantities of energy. The hydrogen atoms 
would diffuse out into the colder gas some distance from the wire and would 
there recombine and give up the heat of the reaction, thus causing an abnor- 
mally high heat conductivity. Magnanini and Malagnini® have actually shown 
in their study of the heat conductivity of nitrogen peroxide that the partly disso- 
ciated gas had a conductivity three times as great as that which was completely 
dissociated. 

1 Paper read at the Washington Meeting of the Am. Chem. Soc., Dec., 1911. Abstract 
appeared in Science 35, 428 (1912). 

* Trans. Am. Electrochem. Soc. 20, 225 (1911). 

* Nuovo Cim. 6, 352 (1897). 
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Since the publication of the above paper on the heat losses in hydrogen, 
the author has developed a theory! of the convection of heat from hot wires 
which makes it possible to calculate with considerable accuracy the energy 
loss from any wire in any gas. : 

Let us represent by W the energy lost per cm of length of the wire per 
second by means of convection and conduction through the gas. That is, we 
deduct from the total watts per cm lost by the wire, the watts per cm lost by 
direct radiation, and we call the difference W. 

It was shown that the “convection” of heat consists essentially of the con- 
duction of heat through a film of relatively stationary gas around the wire. If 
ais the diameter of the wire and 6 the outside diameter of the film of gas around 
the wire, then by the usual laws of heat conduction between two concentric 
cylinders 


T, 
2n 
W= aya KA? (1) 


where k is the heat conductivity (in watts per cm per degree) of the gas at the 
temperature T. 

T, is the temperature of the wire. 

T, is room temperature which is assumed to be the temperature at the 
outside surface of the film. 


It is further shown that 5 is related to a as follows: 
binb/a = 2B (2) 


where B is independent of the diameter and temperature of the wire, but de- 
pends on the nature of the gas, on its pressure and temperature. The quantity 
B is the thickness that the film would have in the case of free convection from 
a heated plane surface. For air to room temperature and one atm. pressure B 
is equal to 0.43 cm. For convenience, let us place 
2m 
s= rt (3) 
We will call s the shape factor, since it depends only on the diameter of 
the wire and that of the film of gas. 
Let us also put 
Ty, 
v= {kaT 


0 


a (4) 
gi =f kdT. 


1 Phys. Rev. June, 1912. 
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Then from (1) 





W= s(73—%) - (5) 
Now from (2) and (3) we can eliminate 6 and thus obtain 
a Be 
wre: (6) 


From this equation we can plot a curve with s as abscissa and a/B as ordi- 
nate. We can also plot as a function of T. In this way the calculation of the 
energy loss from any wire becomes extremely simple. We need only know 
the diameter, a, of the wire and the value of B for the particular gas in question. 
We then look up on the curve the value of s corresponding to the ratio a/B 
and simply multiply this by ¢,—¢,, as found from the curve for m. According 
to (5) this product gives us the watts loss per cm from the wire. 

This theory has been thoroughly verified by extensive experiments with 
platinum wires in air and tungsten wires in hydrogen and mercury vapor. More 
recent and as yet unpublished results have also confirmed the theory for con- 
vection in pure nitrogen and in carbon dioxide. 

We are here particularly interested in the experiments with hydrogen. The 
original results! were found to be slightly in error when more careful experi- 
ments were made. 

The following table gives the results of these later experiments.* The watts 
per cm have been corrected for the relatively small loss by radiation: 


Taste I 
Convection from Tungsten Wires in Hydrogen 
Diam. of wire 0.0045 cm 














I ul I | Iv | v 
Temp. °K® W watts per cm Pa- M1 | We | Wo 
1100 | 2.2 2.51 2.8 —0.6 
1300 2.9 3.45 3.9 | 1.0 
1500 3.9 451 | 51 1.2 
1700 | 5.0 5.67 64 | -14 
1900 69 | 6.98 19 | —1.0 
2100 8.9 | 8,38 9.5 | —0.6 
2300 11.2 9.90 11.2 | 0.0 
2500 16.0 | 11.54 13.0 i +3.0 
2700 24.5 13.28 i 15.0 | 9.5 
2900 39.0 15.26 i 17.3 i 21.7 
3100 60.2 17.14 19.4 | 40.8 
3300 88.2 19.22 21.8 | 66.4 








1 Trans. Am. Electrochem. Soc. 20, 225 (1911). 

* Phys. Rev. June, 1912. 

® The letter K (Kelvin) is used to denote absolute temperature in accordance with the recom 
mendations of the Association International du Froid. See Chem. Ztg. 35, 3 (1911). 
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The values of » in column III are taken from the previous paper. They 
are based upon the following formula for the heat conductivity of hydrogen 
k= 28x 10-4) Te gram calories per cm per sec. 

The fourth column gives the values of W calculated on the assumption 
that B for hydrogen is 3.05 cm. From this s = 1.13. 

The fifth column gives the difference between the observed values and 
the calculated. 

The very rapid increase in conductivity is very strikingly shown by these 
figures, 


Theory of Heat Conduction in a Dissociating Gas 


Let us study the theory of heat conduction in a gas which is partly disso- 
ciated. In a straight cylindrical tube of unit cross section the flow of heat along 
the tube per second, due to the ordinary heat conduction of the gas, will be 


aT 

“dx ’ 

where k is the heat conductivity of the gas (watts per cm) and d7/dx the tem- 
perature gradient in the tube. 

Besides the heat carried by conduction, there is a transfer of heat due to 
the difference of the dissociation product and the recombination of these pro- 
ducts in the cooler parts of the tube. Let us take a concrete example and assume 
‘that we have hydrogen which is dissociated to a small extent into hydrogen 
atoms. If ¢, is the concentration of hydrogen atoms (in mols per cm?) and D 
is the diffusion coefficient of hydrogen atoms through ordinary hydrogen, 
then the number of mols of hydrogen that will diffuse per second past any 
plane P across the tube will be 


—k 


pH. 
de 
Let q, be the heat of formation (in Joules) of hydrogen molecules from one 
mol of hydrogen atoms, #.e., the heat of the reaction 
H= 4A, cs 
Then every mol of hydrogen atoms diffusing past the plane P represents an 
amount of heat q,. Thus the heat carried per second past P by the diffusion is 
de, 
Daz, F 
Combining this with that carried by ordinary conduction, we have 


dT 
(x-oas) 2 
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for the total heat carried past P per second. In other words, the effect of the 
dissociation of the hydrogen would be to increase the heat conductivity by the 
amount 


Daz Ter, 


To find the energy loss from a wire in partly dissociated hydrogen, we need 
simply to substitute in equation (1), in place of k, the value 


de 
k+Da. 5; 
thus combining with (3) we get 
w= sf (cpa dg)ar. 7) 


Hence W the total power sequired to heat the wire, is simply the sum of 
two terms, thus 


W = Wc+ Wo (8) 
where 
tT 
We =s { kéT =s(r.—m)- 0) 
Tr, 
de, 
Wo = [uf aT. (10) 


Here we have considered k and ¢ to apply only to the ordinary heat con- 
duction. We see, then, that the dissociation simply causes an increase in the 
power consumption of the wire equal to Wp. 

Now for our purposes we may consider that q, and D vary so slowly with 
the temperature that over the range of temperature in which ¢, is essentially 
different from zero, we may take them as constant and thus obtain from (10): 


Wo = sDaq,(c,—ci) (10a) 


where ¢, is the concentration of hydrogen atoms at the temperature of the fila- 
ment and ¢; is the concentration at the temperature 7,(room temperature). 
Of course in the case of hydrogen we may take ¢,’ = 0, whence 


Wo = sDqicy- (11) 


In this equation we should take for D a mean value for the range of tem- 
perature in which the dissociation is of measurable magnitude. 

The quantity Wp is easily found experimentally as the difference between 
the observed watts per cm (corrected for radiation) and watts per cm calculated 
on the assumption that there is no dissociation. Column V in Table I gives 
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the values of Wp found in this way. In any given case we know the value of 
s and hence from (11) we can calculate the product Dac. 

Of course we have no direct experimental data by which we can determine 
the diffusion coefficient of hydrogen atoms into ordinary hydrogen. But the 
kinetic theory of gases enables us to calculate its approximate value with a fair 
degree of accuracy. 


Diffusion Coefficient of Hydrogen Atoms 


O. E. Meyer! gives for the value of the diffusion coefficient of a small amount 
of one gas into a large amount of a second gas, the following: 


of 


= —_ = (12) 
8No*y/ 024-02 
but on page 274 he gives 
Nxé? = (/p L,+1/y £2) (13) 
4y2 
and on page 55 
Q = Gy 8/3x = 0.9213G (14) 
and 
Px J xo0 (15) 


and on page 189 the viscosity h is 
h = 0.30970LG. (16) 
But from PV = RT we may derive 


PM 
o= RT (17) 
and substituting this in (15) we obtain 
8RT 
Q= aM (18) 
and from (14) 
G=y3RT[M. (19) 
Substituting (19) and (17) in (16) 
2 — /RT[M h. (20) 
Finally, by substituting (18) and (13) in (12): 
2y¥ayRT 


(21) 





D= — eo —————_—— , 
My L.+1/y Ly 11M, +1/M, 


1 Kinetic Theory of Gases, English Ed., p. 267. 
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This last equation enables us to calculate the diffusion coefficient for a small 
amount of hydrogen atoms diffusing into a large quantity of ordinary hydro- 
gen. In this equation 
M, = 1, the atomic wt. of hydrogen. 

M,= 2, molecular wt. of H,. 

L, = length of free path of the hydrogen atom in completely dissociated hydro- 
gen at the temperature T and pressure p. 

L, = free path of the hydrogen molecule in ordinary hydrogen. 

R = 83.1x 10°. 

It is safe to say that L, and L, will be practically equal. As a matter of fact, 
the free paths of various gases differ only slightly from each other, even when 
the molecular weights are quite different. Let us assume L, = L, and sub- 
stitute this, together with the values of M, and M, in (21) whence 


D = 6600LT"s (22) 
The free path L of H, is given by (20). At 1 atm. p = 1,013,000 dynes per 


cm’, whence 


L=0.0118T'+h. (23) 
But for H,! 
6.6 x 10-*T 
ais 1+77/T i) 
And combining this with (23) and (22) we have 
0.514x 10 T's 
D= T4771 (25) 


This formula would give for the diffusion coefficient of H into H, at room 
temperature (300°K) a value of 2.14, but at 3100°K it would be 85. 

The values of D for the temperatures at which it has measurable values 
have been calculated from equation (25) and are given below. 








Tasre II 
Diffusion Coefficient of Hydrogen Atoms into Hydrogen 
Temp. | D | Temp. | D 
1500 | 28.4 | 2500 62 
1700 | 34.4 | 2700 70 
1900 | 40.9 H 2900 7 
2100 =| = 47.7,—« || S300 85 
2300 | 54 i 95 


3300 





It is not expected that these values of D are very accurate. An error of 
10-50% would not be very improbable. But there is every reason to believe 


) Fischer, Phys. Rev. 24, 237, 385 (1907). 
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that the order of magnitude would be correct, for none of the assumptions 
made are likely to be very far from the truth, and furthermore, at very high 
temperatures the laws of the kinetic theory would probably hold even more 
accurately than at lower temperatures. In any case, the temperature coefficient 
of D would not be subject to the errors that would affect the absolute value 
of D and should therefore be quite accurate. 

Now that we have estimated the approximate value of D (and since we know 
s and Wp), we are in a position to calculate the product q,c, by equation (11). 

For this purpose, however, we should not take the value of D corresponding 
to the temperature T,, of the wire, but rather a mean value of D for the range 
of temperature in which the conductivity of the hydrogen is due largely to 
its dissociation. By a few rough calculations, it was estimated that if D was 
taken at a temperature 200° below that of the wire, it would correspond closely 
with such a mean. So in Table III the value of D tabulated in Column 3 is 
that corresponding to a temperature equal to 7,—200°. 

From these data, assuming s equal to 1.13, the values of q,c, were calculated 
and are tabulated in column 4 of Table III. 


Calculation of the Heat of Dissociation and Degree of 
Dissociation of Hydrogen 


The heat of the reaction H = 1/,H, which we call q, will have only a very 
small temperature coefficient, so that the temperature coefficient of q,c, will 
be due entirely to ¢,. Now van ’t Hoff’s equation 


q = RT? --=— (26) 
gives us a means of calculating q, if we know the temperature coefficient of ¢,. 
Applying the law of mass action to the reaction 2H = H,, we have 

K=ci/e. | (27) 


where ¢, is the concentration of H;. As a first approximation, we may assume 
that ¢, is small compared to c, and hence the temperature coefficient of ¢, is 
negligible, compared to that of ¢,. This gives 


dinK _,dIng, _,dInqc, 
dT 











aT dT 


whence, approximately 
_ din qc, 28 
a: = 2RT- (28) 


Here q, is the heat of the reaction 2H = H;, so that q, = 2q,. 
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From this relation (taking R = 8.31 joules per degree), an approximate 
value of q, was calculated. This is given in Column 5, Table III. 








Tasre III 
Temp. T; | q; joules 
°K | Wo | D qc, : 1st approximation 
vm ' ae - - ——s 
2500° 3.0 54 0.049 
2700! os 62 | 0.135 | paps 
2900 17 «| 70 | 0.275 senna 
3100 40.8 7 | 0.468 | 398; 
3300 = || 66.4 8 =| emt 334,000 





At low temperatures the assumption that ¢, is small compared to c, will 
be more accurately fulfilled than at high temperatures, but on the other hand, 
small errors in Wp have a much greater effect on q. Bearing this in mind, the 
value 


qs = 550,000 or gq, = 275,000 joules 


was taken as the most probable value, and from this, and the figures for qyc, 
the values of ¢, were calculated, and are tabulated in Column 2, Table IV. 











Taste IV 

Temp.T, | ©, x10 eX 10° | Degree of disso- | 10°K | a 
°K | Atoms Molecules | ciation, per cent | 
2500 | 0.178 | 4.70 | 3.7 | 0.0067 | 
27002 (9 402 | 10.8 | 0.0595 pepe 
2900 =| 100 | 3.20 23.8 | 0.312 pees 
3100 | 1.70 | 2.24 | 43.0 ie Ba 
3300 =| Ss. 21.19 } 


68.0 5.30 | 





At atmospheric pressure the sum of the concentrations ¢,+¢, must be equal 
to 


1 273 __0.0122 


22,400° T ~~ T 

From this c, was calculated, and from ¢, and ¢, the dissociation constant 
K was found. The values of K at various temperatures are given in Column 5, 
Table IV. 

We have now the data by which q, can be accurately calculated by equation 
(11), using the above values of K. The results so obtained are given in Column 6, 
Table IV. : 

It will be seen that q, is now much more nearly constant than before. This 
constancy of q; is strong evidence that the values of D are approximately cor- 
rect. An analysis of the sources of error in this method of calculating q and 
c is, however, very desirable. 





(29) 
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Sources of Error 


The experiments by which W was found were performed by heating a tung- 
sten wire in hydrogen in a glass tube of about 5 cm diameter. The values of 
W< (see Table I) are greater than the observed values of W up to 2100°. This 
is probably due to the prevention of free convection by the walls of the tube. 
Previous results have indicated that at high temperatures the effect of the tube 
becomes less marked, therefore it was thought best to use We as calculated, 
rather than to choose a value of s that would give good agreement at the lower 
temperatures. It will be of interest, however, to see what would have been 
the result if we had calculated s from the data at temperatures up to 2100°. 

In Table V the value of s is calculated by dividing W by the corresponding 
value of »;—9, (Table 1). From the results obtained up to 1700° it would seem 
that the value of s is 0.88 and if we then use this value to calculate Wc we get 
the results in the fourth column. Wp is obtained by subtracting We from W. 
From these values of Wp taking s = 0.88 we may then calculate q,c, as before 
from (11). If we now calculate from these the values of q, we get results rang- 
ing from 160,000 up to 370,000 joules. Taking 350,000 as being the most pro- 
bable, and calculating c,, we get the results given in Column 7, and then by 
comparing this with the greatest possible concentration as given by (29) we 
calculate the percentage dissociation. This leads us to the absurd result that 
the dissociation is 148% at 3300°. Furthermore, if the values of K are cal- 
culated, and from these the values of q, are obtained, the latter are found to 
be very far from constant, and to increase rapidly up to an infinite value. 
































TaBLe V 
I II Ill IV Vv VI “VII Vill x 
T Ww s We Wop qc; 10*e, 10*c, Dissociation 
per cent 

1100 2.2 | 0.88 2.2 0.0 
1300 2.9 | 0.84 3.0 0.1 
1500 3.9 | 0.86 4.0 0.1 
1700 5.0 | 0.88 5,0 0.0 
1900 69 | 0.99 61 0.8 0.026 0.15 6.26 2.3 
2100 8.9 | 1.06 74 1.5 0.042 0.24 5.57 41 
2300 | 11.2 1.13 8.7 2.5 0.060 0.34 4.96 6.4 
2500 | 16.0 | 1.39 10.2 5.8 0.122 0.70 4.18 14.2 
2700 | 24.5 1.84 11.7 12.8 0.234 1.34 3.17 29.7 
2900 | 39.0 | 2.55 13.4 25.6 0.415 2.39 1.81 56.8 
3100 | 60.2 | 3.53 15.1 45.1 0.664 3.81 0.13 96.5 
3300 | 88.2 | 4.60 16.9 | 71.3 0.952 5.47 1.77 148.0 





We might help ourselves out of this difficulty by assuming that the diffu- 
sion coefficient of hydrogen atoms is about twice as great as we have calcu- 
lated, and that q, has the value 440,000 joules. The percentage dissociation 
is then found to be 39% of the values given in Table V. These agree fairly 
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well with the results of Table IV, as will be seen from the following compa- 
rison: 








Taste VI 
= 10%, 10%, 
emp. Recalculated from Table V| From Table IV 
2500 | 0.27 | 0.18 
2700 0.52 | 0.49 
2900 0.92 1.00 
3100 | 1.46 1.70 
3300 | 2.10 2.51 





In the derivation of equation (11) it has been assumed that the film thick- 
ness is not influenced by the dissociation of the gas. It seems probable that 
this is approximately true. But even if the film thickness, B, should be pro- 
portional to the total heat lost by the wire, that is, if the dissociation of the 
hydro gen should cause a four-fold increase in B, the effect on Wc would amount 
to only 18% and this only at the very highest temperature. 

Another factor that would cause some error at very high temperatures is 
that the heat conductivity of the dissociated hydrogen would be somewhat 
greater than that of the ordinary hydrogen from which it is formed. This would 
tend to make the calculated values of We too low. 

On the whole, however, the results on the dissociation seem to be accurate 
within perhaps 20—30%, and when one considers that a temperature eleva- 
tion of about 50° will cause an increase in the dissociation of about that amount 
it is considered that the accuracy is satisfactory for this type of reaction. 


Experiments at Low Pressures 
A tungsten wire 0.0069 cm in diameter was heated in hydrogen at two differ- 
ent pressures: 760 mm and 50 mm. The results (corrected for radiation) were: 











Tasrs VII 
Ratio 

Temp. Watts:pes en at 50 mm 

! 760 mm 50 mm at 760 mm 
1500°K 49 2.6 0.53 
1700 6.8 3.4 0.50 
1900 8.7 4.2 0.48 
2100 10.9 5.8 0.33 
2300 13.9 8.2 0.59 
2500 17.1 13.2 | 0.77 
2700 23.7 21.0 0.89 
2900 33.8 36.3 1.08 
3100 51.8 58.0 1.12 














These results are very strong evidence that we are dealing here with a disso- 
ciation, not an association of molecules, for the heat conductivity at low pres- 
sures increases much more rapidly with the temperature than it does at high 
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TABLE 
i Se Filament at 1770°K 
Pressure 9%: = 6.13 D=305 
Degree 
Total Wc+Wop 
Mm. of Hg| P atmos ‘watts: | Wc+Wo of diss. —We | We 
p/P 
760 =| ‘1.00 44.4 | 42.8 0.00014 1.001 42.8 
100 0.132 378 | 36.2 0.00038 1.004 36.2 
10 0.0132 11.4 9.8 0.0012 1.012 9.8 
27 0.0036 5.34 | 37 0.0023 | 1.023 3.6 
0.1 0.00013 196 | 0.36 0.012 | 1.12 0.32 
0.0 0.0 1.60 | 0.0 | | 








pressures. In other words, a reaction takes place which is favored by low pres- 
sure, hence must be one in which the volume of the products is greater than 
that of the original gas. Since hydrogen gas can only increase in volume (under 
standard conditions) by dissociating into atoms, we have nearly conclusive 
evidence that this is what actually occurs. Whether or not the atoms are elec- 
trically charged will be considered shortly. 

Another experiment on the heat loss from wires in hydrogen at various 
pressures was made in the following way: A tungsten wire lamp with a fila- 
ment of only two loops was connected to a Tépler pump and McLeod gage. 
The characteristics of the lamp with a good vacuum (pressure less than 
0.0001 mm) were measured with the filament at two different temperat ures, 
1770 and 2270°K. Then various pressures of hydrogen were admitted and 
the characteristics were again determined at the same temperatures (i.e. resist- 
ance of the filament kept constant). The results are given in Table VIII. 


In this table, under the heading total watts, are given the watts actually 
measured by the voltmeter and ammeter. The voltage was varied so as to give 
the resistance, which corresponded to the given temperatures. By subtracting 
the watts observed in a good vacuum from that at other pressures, the total 
energy carried by the gas, t.e., Wc+Wp, was found. From the formula given 
later in this paper, equation (32), it was calculated that at 1 atm the dissocia- 
tion of hydrogen would be 0.014% at 1770°K and 0.98% at 2270°K. From 
these and from the law of mass action: 


—r__ = constant at any temperature 

VP-P; 
the degree of dissociation at the various pressures was calculated and is given 
in the fifth and tenth columns. 


By dividing equation (11) by (9) we obtain 





Wo _ Dac. 30 
We $271 oD 
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VII 
Filament at 2270° wore 
cg OST AY Ratio 1770: 2270 
Bae: ! Degree { " i ie ee 
Total | Wc+Wop of diss. We+Wo | We Wc+Wo We 
watts We 
p/P 3 HE Oks 5. ston 
| 1 | 
109 103 | 0.0098 1.07 96 042 | (0.45 
105 99 | 0.028 | 1.19 83 037 | O44 
46.5 40.4 0.082 1.39 25.5 + 0.24 0.39 
256 | 19.5 0.15 | 2.08 9.4 0.19 0.38 
8.28 2.21 0s7 | 510 | 0.43 0.16 0.75 
6.07 | | 





But the diffusion coefficient D is inversely proportional to the pressure, so 
that if D, is the diffusion coefficient at 1 atm, then 


D= >: 
From (29) 
_ 0.01229, 
aia al, 
If we take q, = 275,000, we then have, by substituting in (30): 


Wo _ 3350 D pf 
We T o:—%, P° 


Wce+ Wo 
We 
Table VIII. By dividing this latter into Wc+Wp the value of Wc was found 

and tabulated. 

In next to the last column in Table VIII is given the ratio of the total con- 
ducted watts (Wc-+Wp) at the two temperatures. If there were no dissociation 
of the hydrogen this ratio should remain constant at all pressures, but actually 
it decreases to not much over one-third its original value, as the pressure de- 
creases. On the other hand, the ratios between the values of We, the watts cor- 
rected for the dissociation, are very nearly constant. In fact, the slight trend 
downwards is not greater than might be caused by the errors in estimating 
the temperatures of the filament by the resistance. For example, if the filament 
temperature were 2330° instead of 2270°, this trend would entirely disappear. 
The cooling effects of the leads and anchors, which have not been allowed 
for in this calculation, would produce an error in this direction. The last figure 
in the last column is probably not reliable, as it is based on the ratio between 
small differences and is hence very sensitive to experimental error. 

This experiment affords conclusive quantitative proof that we are dealing 
with a dissociation and not an association of molecules. 





(1) 


From this relation the ratio was calculated and is tabulated in 
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Experiments with Other Gases 


Mercury Vapor. — In the previous paper! it was shown that the heat loss 
from a tungsten wire in mercury vapor increased regularly and slowly with 
the temperature up to 2700°. Above that the experiments showed an increase 
in the energy loss which was explained by the diffusion of hydrogen down 
into the mercury vapor. By equation (21) and (20) we can calculate roughly 
the diffusion coefficient of hydrogen atoms into mercury vapor and find that 
it is one-half as great as into hydrogen. Then from (11), assuming that the 
hydrogen is completely dissociated at the very high temperatures and low 
partial pressures, we can calculate the effect of traces of hydrogen in mercury 
vapor on its heat conductivity and obtain the striking result that about 0.2% 
of hydrogen would double the heat conductivity of mercury vapor at 3000°. 

Nitrogen. — A couple of careful experiments have been made in very pure 
atmospheric nitrogen. Very great precautions were taken to guard against 
traces of moisture or oxygen. The tube (6 cm in diameter) was first exhausted 
to a pressure of a few thousandths of a millimeter and heated several minutes 
to a temperature of about 300° to drive out all moisture into a U tube 
immersed in liquid air. All joints were sealed glass. The nitrogen was admitted 
through the liquid air U tube and then through two tungsten lamps with the 
filaments heated to brilliant incandescence, to remove the last traces of oxygen. 
The following tables give the results of these two experiments. 

The temperatures were determined as in the case of the experiments in 
hydrogen by measurement of both the candle power and the resistance. The 
agreement between the two methods was nearly perfect up to about 2300°, 
and then slight differences were observed, caused probably by minute traces 
of moisture attacking the filament. 

In the second column 9 was calculated from the following equation for 
the heat conductivity of es ee ps 

6 ,/m 1+0- 
k = 4.75x 10-* YT i+1104/T 
Q, is the value of p at 300°K. 

It will be seen from the table that the energy carried by the nitrogen does 
not show, as in the case of hydrogen, any abnormal increase at high tempera- 
tures. This is shown particularly by the nearly constant values of s in the case 
of nitrogen. On the other hand, in hydrogen (see Table V) s remains constant 
only up to 1700° and then increases to over five times its original value. 

This method of detecting dissociation should be just as sensitive in the 
case of nitrogen as in the case of hydrogen, as can be seen from equation (7). 
It would seem that a dissociation of 5% at 3500° could be detected with cer- 
tainty. It is a safe conclusion from this experiment that nitrogen at 3500°K 
is not dissociated to over 5%. 


gram cal. per cm per degree per sec 


1 Phys. Rev. June, 1912. 
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Taare IX 7 
Convection from Tungsten Wires in Nitrogen 
a Z| Wire 0.0127 cm diam. Wire 0.0045 cm diam. 

¥ g 5 | ¢§ s| 2 8 | 36 « 
Ps 3 &y Sy e ° 3 gy Su Hl 
Eos | 28| ge] be 38] 53) fe |? 

vo “a = s 

B ; | 2] 38 2 i ge &8 aE 
&e | ¢ | &R| ef | SF - | &k | 28 | Se | 2 
1100 ; 0.403 | 0.68 0.05 0.63 1.56 0.54 0.02 | 0.52 1.29 
1300 | 0.556 0,89 0.12 0.77 1.37 0.73 0.04 0.69 | 1.25 
1500 } 0.729 ; 26 0.25 1.01 1.39 0.98 0.09 0.89 1.22 
1700 | 0.920 , 1.82 0.48 1.34 1.46 1.27 0.17 1.10 1.20 





1900 | 1.130 ; 2.57 0.84 1.73 1.53 1.72 0.30 | 1.32 1.17 
2100. «1.359 | 3.57 | 1.40 2.17 60 2.05 0.50 1.55 1.14 
2300 «1.607 | 4.86 | 2.21 2.65 1.65 2.58 0.78 | 1.80 1.12 
2500 | 1.876 6.41 3.26 3.15 1.68 3.21 1.16 2.05 1.09 
2700 | 2.160 | 8.29 | 4.68 3.61 1.67 3.96 1.66 | 2.30 1.06 
2900 2.469 10.50 6.44 4.11 1.66 4.82 2.28 2.54 1.03 
3100 2.792 13.14 8.56 4.58 1.64 oe eee il 
3300 3.134 16.18 11.14 5.04 1.61 


3500 | 3.498 | 19.68 | 1414] 5.54 1.58 


























Oxygen. — Some previous work of the author! led him some years ago to 
conclude that the energy loss by convection from a Nernst filament in air 
increased with nearly the 6th power of the temperature. Since nitrogen 
does not produce this effect, we have here a clear indication that in the 
neighborhood of 2400°K, oxygen is very largely dissociated into atoms or 
associated into ozone. Experiments at various pressures would easily show to 
what extent each of these two reactions occurred. 


Nature of the Dissociation Products 


The experiments at low pressures have shown that the volume of the disso- 
ciation products is approximately twice that of the original hydrogen. 

It remains to determine whether these atoms are electrically charged or not. 
The writer is convinced that they are not, or at least that any ionization of the 
gas is entirely secondary and is not related to the abnormal heat conductivity 
observed. The reasons for this conviction are very numerous and are partly 
theoretical and partly experimental. Only a few of these reasons will be men- 
tioned here. 

1. The good agreement between the two methods of measuring tempera- 
ture (i.e., by resistance and by candle power) prove that the amount of current 
carried by the heated gas near the wire is entirely negligible compared to that 
in the wire, although as much as 20 volts per cm was sometimes used. 


1 Trans. Am. Electrochem. Soc. 20, 225 (1911). 


7 Langmuir Memorial Volumes [ 
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2. Nitrogen, and especially mercury vapor, conduct electricity at low pres- 
sures very much better than hydrogen, and yet do not show these abnormal 
effects. 

3. It can be readily shown that if a gas were dissociated to any large per- 
centage such as 10% into ions its conductivity would be better than that of 
copper. 


Final Results for the Dissociation of Hydrogen 


The results given in Table IV are considered the most reliable. 

Van ’t Hoff’s equation (26) enables us to derive an equation which will allow 
us to calculate the degree of dissociation at any temperature. 

The temperature coefficient of q, is equal to the difference of the heat capaci- 
ties of the hydrogen molecules and hydrogen atoms. The specific heat of the 
latter would be 2.98 gram calories per mol. per degree or 5.96 for two mols. 
For hydrogen molecules the molecular specific heat is 4.454+0.0009 T. 

We thus obtain 


dq: an 
aT = 1.51—0.0009T . 


Hence at 1700° the temperature coefficient is zero. Between 3500°K and 
1700° the heat of reaction q, increases only 1500 calories, or 6250 joules. From 
1700° down to 300° it would decrease about 3600 joules. This is, however, only 
1% of the total heat of reaction and may bé considered negligible. ° 

We will take, therefore, at all temperatures 


qz = 550,000 joules . 


By integrating van ’t Hoff’s equation and substituting the above value of q, 
and also placing P—p, in place of p, we obtain: 

















14,400 ae 
log—P_ = A— t+ logyT. (32) 
VP-pi 
The constant of integration, A, is found from the data in Table IV. 
TaBLe X 
T | p,‘‘obs” | A | Preale. 
2500 0.037 | 2.637 0.039 
2700 0.108 2.677 0.105 
2900 | 0.238 2.668 0.236 
3100 0.430 2.660 0.435 


3300 = 0.680 2.684 0.630 
Mean, 2.665 





In Table X, p, ‘‘obs.,” is taken from Table IV. In the third column A is 
calculated by equation (32) and 9, calc. in the fourth column is calculated from 
this same equation by taking A = 2.665. 
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Summary and Conclusions 


1. The energy loss from heated wires in various gases can be readily cal- 
culated by simple equations. 

2. For nitrogen and mercury vapor the results calculated in this way agree 
well with experimental results up to temperatures as high as 3500°K. 

3. With air and carbon dioxide similar agreement was obtained up to the 
melting point of platinum. 

4. In the case of hydrogen, however, there is agreement only up to about 
2100°K. Above that the energy loss increases extremely rapidly so that at 3300° 
it is four or five times the calculated value. 

5. This is explained by assuming that hydrogen at very high temperatures 
is dissociated into atoms. 

6. The theory of the heat conductivity of a dissociating gas was developed. 

7. The heat of the reaction and the degree of dissociation at various temper- 
atures was thus calculated and was found to agree well with van ’t Hoff’s 
equation. 

8. Experiments at low pressures prove that the phenomenon is a true disso- 
ciation, which follows the law of mass action and that the volume of the disso- 
ciation products is approximately twice the volume of the original hydrogen. 
That is, the dissociation takes place according to the equation 

H, = 2H. 


9. There is much evidence that the dissociation is not electrolytic. 

10. Nitrogen, even at 3500°K, is not perceptibly dissociated at atmospheric 
pressure. That is, its dissociation does not exceed 5%, at 3500°K. 

11. The following quantitative results have been obtained. The heat of 
reaction at constant volume for 


2H = H, 


is 550,000 joules, or 130,000 calories. At constant pressure it would be approx- 
imately 575,000 joules, or 136,000 calories at 3000°K. 








Taste XI 

Degree of Dissociation of Hydrogen at Atmospheric Pressure 
T.°K | p, atm ] T.°K | p, atm 
293° (20°C) | 5.4 x 10-# | 2900° | 0.236 

| 3100 0.441 

500 ' 1.7 x 10-*5 | 3300 0.666 
1000 5.8 x10" | 3500 0.840 

1500 : 4.49x 10-* 3700 0.933 

2000 | 1.30x 10-* 3900 : 0.973 
2300 \ 0.0121 | 4100 0.988 
2500 0.0394 4500 0.9962 





2700 ! 0.106 5000 0.99981 





io 
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The degree of dissociation at any temperature, : is given by the equation 


= 2.665— i i 1 





log 





7P —?, 

Here f, is the partial aes of the ae atoms (in atm), and P is the 
total pressures (in atm). 

From this equation the free energy of formation of hydrogen molecules 
from atoms can be calculated. 

The following table gives the degree of dissociation (p,) of hydrogen at 
1 atm. pressure at various (absolute) temperatures. 

I wish here to acknowledge the valuable assistance of Mr. E. Q. Adams, 
Mr. S. P. Sweetser, Mr. H. Huthsteiner, and Mr. G. S. Meikle, who have 
carried out most of the experimental work involved in this investigation. 
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NOTE ON THE HEAT OF FORMATION OF HYDROGEN 
FROM HYDROGEN ATOMS 


Philosophical Magazine 
Vol. XXVII, 188, January (1914). 


Dr. N. Bour, in his recent valuable and wonderfully suggestive paper on the 
Constitution of Atoms and Molecules (Phil. Mag. xxvi, p. 863, 1913), calcu- 
lates the heat of formation of hydrogen molecules from the atoms to be 60,000 
calories per gram-molecule. He points out that this value is “considerably less 
than the value of 130,000 found by Langmuir (¥. Amer. Chem. Soc. xxxiv, 
p. 860, 1912) by measuring the heat-conduction through the gas from an in- 
candescent wire in hydrogen.” 

In order that the results obtained by me may not bear false evidence against 
the beautiful theory derived by Dr. Bohr, I take this opportunity of giving 
a preliminary account of some more recent measurements carried out by Mr. 
G. M. J. Mackay and myself, on the dissociation of hydrogen. 

The method adopted was similar to that previously used, namely, to deter- 
mine the heat-loss from electrically heated tungsten wires in hydrogen. In 
these experiments, however, very much greater care was used in determining 
the temperatures of the wires and in obtaining extremely pure hydrogen. Pres- 
sures of hydrogen ranging from 1 mm up to 760 mm of mercury were used. 
Still further experiments which, however, have not yet been completed, were 
made at pressures from 0.01 mm up to 20 mm pressure. 

The measurements at low pressures gave very interesting results, namely, 
that at about one-tenth of an atmosphere pressure of hydrogen, the total heat- 
loss from filaments heated to very high temperatures (3000°K) is several times 
as great as in hydrogen at atmospheric pressure. 

By subtracting the heat-loss due to normal heat-conduction from the total 
observed heat-loss, the heat carried by diffusion of hydrogen atoms is obtained. 
By plotting the logarithm of this quantity against the reciprocal of the absolute 
temperature, straight lines are obtained in each experiment. The slopes of 
all these lines are practically equal, no matter what pressure of the hydrogen 
was used (above 10 mm). 

On the assumption that the diffusion coefficient varies with the 3/2 power 
of the temperature, this leads to the result that the heat of formation of hydro- 
gen is about 76,000 calories per gram-molecule, as against 130,000 previously 
found. The reason for the high value of the latter figure is, that it was based 


(101) 
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on a calculation of the actual value of the diffusion coefficient of hydrogen 
atoms through ordinary hydrogen. The present results show that the actual 
degree of dissociation is much smaller than that previously found, and that 
even at 3500°K hydrogen is probably not dissociated to a very great extent. 
It is hoped that the experiments at very low pressures will make possible a 
quantitative estimation of the degree of dissociation. 

In conclusion, the writer wishes to point out that the value of 130,000 calories 
referred to by Bohr is undoubtedly too high, and that the experimental evi- 
dence now indicates a value of about 75,000 to 80,000 calories. That the correct 
value, however, is as low as the 60,000 calculated by Bohr seems very improb- 
able. 
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THE DISSOCIATION OF HYDROGEN INTO ATOMS’ 
With G. M. J. Mackay as co-author 


Journal of the American Chemical Society 
Vol. XXXVI No. 8, 1708, August (1914). 


Part I. Experimental: 


Some early measurements' of the heat loss by convection from heated 
tungsten wires in hydrogen showed that the loss increased at an abnormally 
high rate when extremely high temperatures were reached. 

A little later? a series of measurements on the heat convection from various 
kinds of wires in different gases led to a general theory of convection from 
hot bodies, which makes possible the approximate calculation of heat losses 
from a wire at any temperature in any gas which behaves normally. 

With hydrogen, the theory led to results in close agreement with the exper- 
iments, up to temperatures of about 2300°K. Above this, however, the ob- 
served heat loss increased rapidly until at 3300°K, it was over four times the 
calculated value. 

This fact suggested that the hydrogen was partly dissociated into atoms 
at these high temperatures. 

In a subsequent paper,® the theory of heat conduction in a dissociating 
gas was developed to apply to this case.‘ It was shown that the power re- 
quired to heat the wire could be expressed as the sum of two terms, thus: 


W=W.+W, (1) 


® [Epitor’s Note: This paper was also published in Z. Elektrochemie, 20, 498 (1914). It also 
appears as part of Chapter Nine in the author’s book, Phenomena, Atoms and Molecules, Philo- 
sophical Library, 1950.] 

1 Langmuir, Trans. Am. Electrochem. Soc. 20, 225 (1911). 

2 Langmuir, Phys. Rev. 34, 401 (1912). 

* Langmuir, J. Am. Chem. Soc. 34, 860 (1912). 

* At the time of publication of the above mentioned paper, I was unaware that Nernst had 
Previously (Boltzman, Festschrift, p. 904 (1904) developed a quantitative theory of the heat con- 
duction in a dissociating gas, and had shown that the heat conductivity of nitrogen peroxide, deter- 
mined by Magnanini, agreed well with that calculated by his equations from the known degree 
of dissociation of this substance. Nernst showed that the effect of the dissociation is to increase 
the heat conductivity of a gas by an amount equal to 


de 
Dq “.. 
ars 


(continued on p. 104) 


(103) 
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Here W is the total power (in watts per centimeter) required to maintain 
the wire at a given temperature T;. 

Wg represents the part which is carried by ordinary heat conduction and 
follows the usual laws of heat convection, namely:* 


W, =8 f keT = S(y.-9,) (2) 


S is called the shape factor and depends on the diameter of the wire and the 
nature of the gas, but is independent of the temperature of the wire. k is the 
coefficient of heat conductivity of the gas, W, represents that part of the heat 
loss which is dependent on the dissociation of the gas. It was shown that W, 


could be expressed thus: 
Wp = SDac, (3) 


where S is the shape factor, D is the diffusion coefficient of hydrogen atoms 
through molecular hydrogen, gq, is the heat of formation of hydrogen mole- 
cules from 1 g of hydrogen atoms, and C, is the concentration of hydrogen 
atoms (grams per cc.) in the gas immediately in contact with the hot wire. 

The experiments gave W directly (after subtracting the heat radiated 
from the hot wire). The value of W, could be calculated by (2) and thus equation 
(1) led to a determination of W,. By substituting in (3) the values of S and 
W,, the product Dg,C, was obtained from the results of the experiments. 

It was then necessary to estimate the approximate value of D. This was 
done by guessing the probable free path of hydrogen atoms through hydro- 
gen molecules by analogy with other gases and by then substituting this value 
in an equation, derived from the kinetic theory, which expresses the diffusion 
coefficient in terms of the normal free path. 

Having thus chosen D and dividing this into the known value of Dq,c,, 
the product g,¢, was found. Van’t Hoff’s equation gives a relation between q, 
and the temperature coefficient of c,. Since g, is nearly independent of the 
temperature, the temperature coefficient of c, must be practically equal to 
that of g,c, ,so that in this way q, could be found. From this, the value c, and 
the degree of dissociation was then calculated. 

The degree of dissociation of hydrogen into atoms (at atmospheric pres- 
sure) was thus calculated to be 1.2% at 2300°K, and 44% at 3100°K, and 
84% at 3500°K. The heat of formation of the molecules from the atoms was 
given at 130,000 calories (for 2 g of hydrogen). 


He does not, however, show that this leads to the very simple and useful form of equation devel- 
oped by the writer, namely, 
Wp =SDq(C-C’). 
Nernst points out that the heat conductivity of gases may be used not only to detect dissociation 
qualitatively, as R. Goldschmidt (Thesis, Brussels, 1901) had shown, but in some cases to deter- 
mine the degree of dissociation quantitatively. (I. LANGMUIR.) 
1 Phys. Rev. 34, 401 (1912). 
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These results seemed to conflict seriously with the measurements of the 
specific heat of hydrogen obtained by the explosion method. Pier! had con- 
cluded from his experiments that the mean specific heat of hydrogen from 
room temperature up to 2500°K could be represented by the equation 


C, = 4.70+0.00045¢ 


On the other hand, Bjerrum? found that the specific heat of water vapor 
was abnormally large at temperatures above 2000°K. 

The method adopted by Bjerrum was one in which it was not possible 
to distinguish between variations in the specific heat of water vapor and of 
hydrogen. An increase of perhaps 10—20% in the specific heat of hydrogen 
at 3000° would, therefore, be quite consistent with Bjerrum’s experiments. 

A dissociation as high as 44% at 3100°K would, however, lead to an apparent 
specific heat of H, two or three times greater than the usually accepted value. 

One explanation of this discrepancy might be that the velocity of the hydro- 
gen dissociation is so small that during the short time of an explosion, equilib- 
rium was not reached, whereas in the other experiments, the catalytic action 
of the hot tungsten wire caused the dissociation to approach the equilibrium 
more closely. 

It seems, however, improbable that the velocity of the reaction would 
be so slow at temperatures as high as 3100°K. Bjerrum’s experiments, therefore, 
seem to indicate that the degree of dissociation is considerably less than the 
values obtained by the methods described above. 

If we examine the chain of reasoning by which the results were obtained 
we see that there is one extremely weak link, namely, the method by which the 
diffusion coefficient D was obtained. 

It is true that this method would give a fair degree of accuracy if applied 
to almost any pair of ordinary gases at ordinary temperatures, but a good 
deal of uncertainty arises when it is applied to a dissociating gas. In fact, under 
such conditions, the diffusion coefficient might be very much greater than that 
calculated in the usual way. An example of such a case is already known in 
the abnormally great mobility of the hydrogen and hydroxyl ions in aqueous 
solutions. A larger value for the diffusion coefficient would lead to lower 
values for the dissociation and might thus remove the discrepancy between 
the previous calculations and Bjerrum’s results. 


Qualitative Evidence for the Dissociation of H, 


H. von Wartenberg,® after pointing out the discrepancy between the for- 
mer calculations and the results of the explosion method criticises the heat 
conductivity method as follows: 


1 Z. Elektrochem. 15, 536 (1909). 
® Z. physik. Chem. 79, 513 (1912). 
2 Z. Elektrochem. 19, 901 (1913). 
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“Die Fehlerquellen der Methode sind zu gross, als dass man die Zahlen 
auch nur als annahernd richtig betrachten kénnte, wenn auch eine geringe 
Dissociation des H, von etwa 2100° nicht als ausgeschlossen erscheint. Si- 
chere Zahlen wird wohl nur die Explosionsmethode geben kénnen.” 

As far as accurate quantitative determinations of the degree of dissociation 
of most complex gases are concerned, we feel that von Wartenberg’s prefer- 
ence for the explosion method is justified, but for qualitative evidence of 
dissociation, especially of elementary gases, we consider that the heat con- 
ductivity method has great advantages over the explosion method. The fact 
that mixtures of gases must be employed in the latter method, so complicates 
the phenomena that there is considerable uncertainty in the interpretation 
of results. Furthermore, it will be shown that the conductivity method, in- 
some cases, is very much more sensitive than the explosion method. 

The qualitative evidence of dissociation of hydrogen obtained by the heat 
conduction method and already published, may be briefly summarized as 
follows: 

1. The heat loss from tungsten wires (or platinum wires up to 1750°) in 
nitrogen, mercury vapor, argon, and carbon monoxide varies with the temper- 
ature accurately, as expressed by equation (2). 

2. The heat loss in hydrogen follows accurately the same law up to about 
1900°K and then rapidly increases, until at 3500°K it is over four times its 
calculated value. 


3. No secondary electrical effects which might cause a similar increase can 
be detected. 


4. At lower pressures the heat loss from tungsten wires in hydrogen be- 
comes actually greater than at atmospheric pressure. This does not occur with 
other gases. ‘ 

The evidence of dissociation is, however, not at all limited to the abnormal 
heat conductivity. 

A large amount of evidence of a chemical nature has gradually accumulated 
in this laboratory, which proves, beyond doubt, that-hydrogen at low pressures, 
upon coming in contact with a heated metallic wire, is chemically activated 
and can, under proper conditions, retain its activity several days. A very brief 
review of this evidence will be of interest. 

1. It has been shown! that when a wire of tungsten, platinum or palladium 
is heated to a temperature above 1300°K in hydrogen at very low pressure (0.001 
to 0.020 mm), the hydrogen slowly disappears. There is a distinct fatigue 
effect, but the substitution of a new section of wire does not restore the action. 
The hydrogen is not absorbed by the wire, but is deposited on the glass, espe- 
cially where this is cooled by liquid air. If the cooled portions are heated, 
ordinary hydrogen is liberated which will not recondense on replacing liquid 


1 “A Chemically Active Modification of Hydrogen,” Langmuir, ¥. Am. Chem. Soc. 34, 1310 
1912). 
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air. The hydrogen may deposit on cooled glass surface, even in tubing at a con- 
siderable distance from the bulb. This hydrogen has remarkable chemical 
activity and will react with oxygen and phosphorus -at room temperature. 
These effects are not due to the catalytic effect of finely divided metal deposits. 
The active hydrogen is not affected by an electrostatic field and therefore does 
not consist of hydrogen ions. 

2. The active hydrogen thus produced can diffuse through long tubes 
(at low pressures) and can the ndissolve in platinum (at 50°) and cause a mark- 
ed increase in its electrical resistance and corresponding decrease in its tem- 
perature coefficient. Ordinary hydrogen, under similar conditions, will not 
do this. These effects have been described in some detail by Freeman. 

3. It has been found that tungstic oxide, WO,, platinum oxide, PtO,,? 
and many other substances, placed in a bulb containing a tungsten filament 
and hydrogen at very low pressures, rapidly become chemically reduced when 
the filament is heated to a temperature exceeding about 1700°K although 
otherwise they are not acted on by hydrogen. 

Many of these phenomena have been studied quantitatively in some de- 
tail, and the results seem consistently to be in accord with the theory that 
a portion of the hydrogen which comes into contact with the hot wire is dis- 
sociated into atoms. These, perhaps because of strong unsaturated chemical 
affinity, tend to adhere to glass surfaces even at room temperature. Some, 
however, leave the glass and wander further. Gradually the glass surfaces 
become charged with hydrogen atoms to such an extent that any fresh atoms 
striking the surface, combine, even at liquid air temperatures, with those 
already present. In case the atoms strike a metal surface such as platinum, 
they dissolve in it up to a considerable concentration. 

The foregoing results afford satisfactory proof that hydrogen, particularly 
at low pressures, is readily dissociated into atoms by metallic wires at very 
high temperatures. 

There is, however, good reason to suspect that the actual values for the 
degree of dissociation previously given are considerably too high. The cause 
of this was thought to be an incorrect assumption as to the diffusion coeffi- 
cient of hydrogen atoms through molecular hydrogen. 

The remainder of the present paper deals with the results obtained by two 
methods which lead to more or less quantitative data on the dissociation, 
without necessitating any assumptions as to the magnitude of the diffusion 
coefficient. ; 

The first method is based on measurements of the total heat losses from 
tungsten wires at a series of different pressures, ranging from 10 mm up to 
atmospheric pressure. If the previous results were correct, that is, that hydro- 


1 J. Am. Chem. Soc. 35, 927 (1913). 


* Formed and deposited on the bulb by heating Pt at very high temperature in O, at low pres- 
sure or by passing a glow discharge between Pt electrodes in O, at low pressure. 
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gen is 44% dissociated at atmospheric pressure and 3100°K, then, at a pressure 
of 10 mm, the dissociation should be 96.5%. A further rise in temperature 
could then only slightly increase the degree of dissociation, for it is already 
close to the limit of 100%. We see, then, from equation (3), that the heat loss 
under these conditions would have only a very small temperature coefficient. 
It was hoped, at the outset of these experiments, that the actual degree of dis- 
sociation could be determined from the decrease in the temperature coeffi- 
cient of W, as the pressure was progressively lowered. 

The experiments to be described have shown, however, that even at 10 mm 
pressure the te mperaturecoefficient of W, is practically as great as at atmos- 
pheric pressure, showing that even at these low pressures the hydrogen around 
the wire is not nearly completely dissociated. These experiments, however, 
give an upper limit to the degree of dissociation. 

In the second method, measurements were made at very much lower pres- 
sures, from 0.01 mm up to 0.2. At the lowest pressures, the conditions should 
become very simple, for the molecules travel in straight lines directly from 
filament to bulb. Under such conditions, the hydrogen atoms produced prac- 
tically never return to the filament without having struck the bulb many 
times and having had ample opportunity of recombining. The filament is, 
therefore, struck only by hydrogen molecules, and from the formula 


™M 
m= oer? (5) 


the rate at which the hydrogen molecules reach the surface may be calculated. 
If, then, the heat loss be determined by experiment, the energy carried away by 
each molecule can be calculated. If, by heating the filament to very high tem- 
peratures, a condition could be reached in which every hydrogen molecule 
which strikes the filament becomes dissociated, then those experiments would 
lead to a direct determination of the heat of formation (heat absorbed by dis- 
sociation) of hydrogen molecules. In the absence of definite evidence that the 
dissociation is complete, the method gives at least a lower limit for the heat 
of formation. 





Experiments on the Heat Losses from Tungsten Wires in Hydrogen 


1. Higher Pressures.— In the experiments upon which the former calcu- 
lations of the dissociation were based, the measurements of heat loss were made 
from short pieces of tungsten wire mounted vertically in a large glass tube 
open at the lower end, through which a fairly rapid stream of hydrogen passed: 
The temperature in most cases was determined from the resistance. The rela- 


1 Here m is the rate (in grams per sq. cm per second), at which the hydrogen comes into con- 
tact with the filament. M is the molecular weight of H, (i. e., 2), T is the temperature of the bulb, 
and p is the pressure of the hydrogen in the bulb. The derivation of this equation has been given 
n a previous paper (Phys. Rev. N. S. 2, 329 (1913)) and Physik. Z. 14, 1273 (1913). 
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tion between resistance and temperature was, however, found by measurement 
of the intrinsic brilliancy of pieces of the same wire mounted in exhausted 
bulbs. 

In the present experiments, it was desired to employ a series of different 
pressures of hydrogen around the filament, and furthermore, to avoid injury 
to the wire by impurities in the hydrogen. 

The method adopted was therefore to mount single loop filaments of pure 
tungsten wire in large heater lamp bulbs (cylindrical bulbs about 25 cm long 
and 7 cm diameter) which were filled with pure, dry hydrogen at various 
pressures. These were then set up on the photometer bench and a series of 
simultaneous measurements of candle power, current and voltage were made. 
The color of the light emitted was also accurately matched against that from 
a standard lamp viewed through a special blue glass. 

Before filling the bulbs with hydrogen, they were exhausted to 0.1 micron 
pressure for an hour while heated to 360°, and the filaments were heated to 
a high temperature to drive off gases. The hydrogen was prepared electrolyt- 
ically and was freed from oxygen and water vapor with extreme care. 

Thirty lamps were made up for these experiments. Fifteen of these were 
filled with hydrogen at the following pressures: 1, 10, 25, 50, 100, 200 and 
750 mm. Six were exhausted to a good vacuum in order to determine the 
amount of energy radiated. The remainder were filled with pure nitrogen at 
various pressures, to compare the heat loss in this gas with that in hydrogen. 

The wire used in all lamps was 0.00706 cm diameter. In every case it 
was welded to nickel leads with tungsten or molybdenum tips. The length 
of wire used in the hydrogen lamps ranged from 5 to 9 cm and in the vacuum 
and nitrogen lamps, from 6 to 12 cm. It was necessary to use rather short 
lengths in hydrogen in order to be able to heat the wire to the melting 
point without using voltages over 200 volts. 

Temperature Measurements.— The temperatures were determined, as has 
been usual in this laboratory, by the relation 


11,230 
= 7.029—log H (6) 


where H is the intrinsic brilliancy of the filament in international candle-power 
per sq. cm of projected area. On this scale the melting point of tungsten 
proves to be 3540°K (by direct experiment). This value we consider to be 
more probable than the lower values usually given. 

The temperatures were also determined by two auxiliary methods: by 
measurement of the resistance and by matching the color of the emitted light 
against that of a standard provided with a blue screen. In both these methods, 


T 


1 This method has proved extremely accurate and serviceable as a means of comparing the 
temperatures of tungsten filaments. It is described in some detail by Langmuir and Orange, Proc. 
Amer. Inst. Elect. Eng. 32, 1895 (1913). 
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however, the primary standard of temperature was the one given above, based 
on the intrinsic brilliancy of the filament. 

It was found in nearly all experiments that the three methods gave con- 
cordant results. The presence of hydrogen or nitrogen did not change either 
the resistance or the color of the light emitted from a filament set up at a given 
intrinsic brilliancy. Discordant results were obtained only in the experiments 
in vacuum or low pressures of gas after the filament had been heated some time 
above 3200°K and had evaporated so that the bulb had blackened and the 
diameter of wire had changed. 

In order to avoid errors in temperature due to the cooling effect of the 
leads, the candle-power was usually determined through a slit, one or two 
centimeters wide, placed horizontally in front of the lamp. In this way, the 
intrinsic brilliancy can be determined with accuracy. ; 

At temperatures below 1800°K, the candle-power determinations were 
too inaccurate to be suitable for temperature measurements. The tempera- 
tures were, therefore, found in these cases from the resistance, proper cor- 
rection being made for the cooling effects of the leads. 

Before making measurements on the lamps, they were thoroughly aged 
by running them for 24 hours with the filaments at a temperature of about 
2400°K. With the hydrogen and nitrogen of the purity used in these experi- 
ments, this treatment produced no perceptible injury of the filament. During 
the first few hours of aging, the filament, even in vacuum lamps, undergoes 
slight changes in resistance, and it was with this object, as well as to test the 
purity of the gases, that the lamps were subjected to the aging process. 

The lamps were then set up on the photometer one by one, and measure- 
ments of current, voltage, candle-power and color were made. About 30 to 

50 sets of readings were taken with each lamp, raising the voltage usually 
in steps of 2.5 to 5 volts at a time. The temperature was thus gradually raised 
from 800°K, up to about 2900°. Then a series of points was taken at descend- 
ing temperatures and finally the temperatures were raised to temperatures 
of 3000° and more, frequently repeating some of the measurements at lower 
temperatures to see if the filament had undergone any change. The readings 
up to 3000°K could be taken without haste, as the filament undergoes only 
relatively slow changes below this temperature. Above this temperature the 
readings were taken as rapidly as possible, and at wider intervals (usually 10 
volts). These precautions were especially necessary with the lamps containing 
less than 100 mm of gas. In those containing nearly atmospheric pressure of 
either hydrogen or nitrogen, there was never any perceptible darkening of the 
bulb, and the loss of material from the filament was extremely small, even 
when the temperature was raised several times very close to the melting point 
of the filament. 

From the data thus obtained, the power consumption (in watts per centi- 
meter of length), the temperature, and the resistance (per centimeter) were 
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determined. The watts per cm were plotted on semi-logarithmic paper against 
temperature and smooth curves drawn through the points. 

Most of the points fitted very closely (within 1 or 2%) with the smoothed 
curves, and it was only rarely, at very low and at very high temperatures, that 
deviations as great as 5% were observed. 

The results of these experiments are summarized in Table I. The energy 
radiated from the filament per second (in watts per centimeter of length) 
is given in the second column under the heading W,. This was obtained from 
the lamps with well exhausted bulbs. The resistance (in ohms per centimeter) 
of the filament is given in the third column headed R. These values represent 
the averages of all the lamps. There was no appreciable difference in R for 
the gas filled and the vacuum lamps. The next six columns contain the data 
obtained from the bulbs containing hydrogen. The figures give directly the 
energy carried from the filament by the gas, the values tabulated being ob- 
tained by subtracting W, from the observed total power consumption (in 
watts per cm). 

The last five columns contain similar data obtained from the nitrogen 
filled lamps. 

Simple observation of these figures show the very striking difference in 
the effects in the two gases. In nitrogen, the values decrease steadily as the 
pressure is reduced, and in hydrogen, at the lower temperatures, the same 
decrease is observed. But at higher temperatures, in hydrogen, the power 
consumption is considerably greater at lower pressures than at atmospheric 
pressure. 

The conclusions drawn from these measurements will be considered later, 
together with the results obtained at still lower pressures. 

Lower Pressures.— In these experiments, measurements of the power con- 
sumption were made at a series of temperatures, with pressures ranging from 
0.01 mm up to 13 mm. The measurements were made while the lamps contain- 
ing the filaments were connected to a vacuum system consisting of two McLeod 
gages (one for lower and one for higher pressures) and a Gaede mercury pump. 
The lamps were first exhausted at 360° for an hour and a trap immersed in 
liquid air placed directly below the lamps condensed the moisture given off 
from the glass. 

The candle-power was measured during the experiments by a portable 
Weber photometer. The characteristics in vacuum at temperatures ranging 
from 1500 to 2500°K were first determined and then a few centimeters (pres- 
sure) of pure hydrogen was admitted to the system and pumped out to a pres- 
sure of 13 mm. A series of measurements of current, voltage and candle-power 
was again made. In this way, in the first experiment, the characteristics were 
measured at pressures of 13.1, 6.5, 2.5, 1.2, 0.53, 0.218, 0.102 and 0.045, 0.020 
and 0.010 mm and at 0.0001 mm. In a second experiment, measurements 
at a few pressures were made as a check on the preceding. 
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In the third experiment, made a few weeks later, a much more complete 
series of measurements was made, extending the range of observations from 
1100° to 2900°K. Higher temperatures were avoided, in order not to cause 
any evaporation of the filament. The pressures employed in this set of tests 
were 4.4, 1.10, 0.207, 0.039, 0.015 and 0.00007 mm. At each pressure about 
30 readings at different temperatures were taken. 

The results of the third experiment were in excellent agreement with those 
of the first two. Since the former covered so much wider a range, only these 
results are given in this paper. 

The tungsten wire used for these experiments was taken from the same 
spool as that used in the experiments at higher pressures. 

The filament was mounted horizontally in a straight piece 9.85 cm long. 
Because of the cooling effect of the leads, it was assumed that the effective 
length of the wire for calculation of the watts per centimeter was 9.4 cm. The 
bulb was a cylindrical bulb with rounded ends, about 10 cm diameter and 18 cm 
long, and the filament was supported in its axis. 














Taste II 
7 Heat carried by hydrogen watts per cm 
x Wr R 4.40 1.10 0.207 | 0.039 | 0.015 
{ i mm mm mm mm mm 

1100 ' 0.022 0.60 0.26 0.09 | 0.020 | 0.004 0.002 
1200 0.037 | 0.70 0.31 0.11 0.024 | 0.005 0.002 
1300 0.060 | 0.80 0.36 0.13 0.030 | 0.006 0.002 
1400 0.095 | 0.89 0.41 0.16 | 0.038 | 0.007 0.003 
1500 0.138 «| (0.98 0.47 0.19 | 0.050 | 0.009 0.004 
1600 0.192 | 1.07 0.55 0.22 | 0.066 | 0.012 0.006 
1700 0.268 =| (1.45 0.65 0.28 | 0.088 | 0.019 0.008 
1800 | 0.36 =| 1.24 0.82 0.36 | 0.125 | 0.032 0.012 
1900 048 =| 1.33 1.09 0.52 | 0.21 0.06 0.019 
2000 «| = (0.62 1.42 1.44 0.85 0.34 0.10 0.031 
2100 07 | = 1.52 2.06 1.27. | 0.53 0.16 0.055 
2200 098 =| 1.62 2.98 1.81 0.73 0.22 0.092 
2300 «| (1.23 1.72 4.37 2.62 | 0.99 0.29 0.120 
2400 «| «6155 > | 1.82 5.98 3.56 1.27 0.37 0.148 
2500 | 1.82 1.92 8.21 4.85 1.58 0.42 0.178 
2600 2.20 2.02 11.0 5.49 1.82 0.48 0.189 
2700 2.67 2.12 és 6.23 1.96 0.50 0.191 
2800 | #320 | 223 6 6.97 1.98 0.50 0.191 
2900 | 3.80 2.34 if 7.61 1.99 0.50 0.191 




















The data obtained by these experiments are given in Table II. In the second 
and third columns are given the characteristics of the filament in good vacuum 
(0.00007 mm). W, is expressed in watts per centimeter, and R in ohms per 
centimeter. The figures in the other columns give the differences between 
the observed power consumption at different pressures and those in vacuum. 


8 Langmuir Memorial Volumes I 
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Discussion of Experimental Results 


The experimental data contained in Tables I and II give, as a function 
of both temperature and pressure, the total heat carried by the surrounding 
hydrogen from a heated tungsten filament in this gas. 

It has been shown in the previous papers that this energy carried by the 
gas can be resolved into two parts, W, and W,. 


W = W.+W, (1) 


The temperature coefficient of W, is given by 


We. = S(p2—91) (2) 
where 
. 
p= frat. 
0 


In the previous paper, S was calculated from results obtained with gases 
other than hydrogen. This method of calculation of S, although giving an 
approximation good enough for most purposes, may be open to criticism. 
In the present case, therefore, it has been thought better to determine S di- 
rectly from the experimental results of Tables I and II. 

The values of p,—, were taken from the data given in the previous paper,! 
in which was calculated from the heat conductivity of hydrogen as deter- 
mined by Eucken? and from the measurements of the viscosity of hydrogen 
by Fisher’. 

By trial a value of S was found, which, when multiplied by y,—q, would 
give the best agreement with the values of W observed at temperatures so low 
that W, was negligible. At higher temperatures, W, was obtained by subtract- 
ing S(v,—¢,) from W. The logarithm of W, was plotted against 1/T from 
the data at rather low temperatures (1700—2500°K). It is only in this range 
of temperatures that the calculated values of W, are materially affected by 
errors in the value S. By trial a value of S was finally chosen which would 
give most nearly a straight line relation between log W, and 1/T. 

These values of S have been used to calculate W, and the results are given 


in Table III. 
The results in Table III were obtained from the data in Tables I and II, 


merely by subtracting the product of S (given at the head of each column 
of Table III) by ¢,—9, (given in second column of Table III). 

The data on the heat losses from tungsten wires in nitrogen given in Table I, 
was used in a similar way to calculate W—W, and the results are given in 


1 Physic. Rev. loc. cit. 
* Physik. Z. 12, 1101 (1911). 
® Physic. Rev. 24, 385 (1907). 
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TaBLe IV 
“Wp” from Experiments with Nitrogen 

T, m—-?, 750 | 200 100 50. 10 1 
°K watts = mm mm | mm mm mm mm 

| percem | S= |; S= s= S= s= S= 

| 141, 145 | 1.06 0.75 | 0.43 0.10 
1100 0.43 ety aes —0.06 | 
1200 | 0.49 Pay ate —0.04 Sead pet 
1300 | 0.56 ease ae —0.01 lo cssteg +0.03 
1400 | 0.63 vas esi —0.04 +0.03 +0.04 
1500 0.73 a wots +0.01 +0.03 +0.04 
1600 | 0.82 tise dae +0.03 a +0.03 +0.04 
1700 0.92 on Tl Back +0.03 vee | 0.04 +0.04 
1800 1.03 er st +003 | .... +0.06 +0.03 
1900 1.13 mane adie +002 | .... +0.07 +0.03 
2000 1.25 —0.11 | +0.02 | +0.01 | +0.07 | +0.06 +0.02 
2100 1.36 —0.04 | +0.04 | +0.01 | +0.06 | +0.06 +0.01 
2200 «| (1.49 —0.01 | +0.05 0.00 | +0.04 | +0.04 0.00 
2300 | (1.61 —0.01 | +0.06 | +0.02 | +0.05 | +0.03 0.00 
2400 1.74 +0.01 | +0.06 | +0.02 | +0.04 | +0.00 —0.01 
2500 | = 1.87 +0.04 | +0.07 | +0.02 | +0.02 | +0.02 —0.03 
2600 2.02 +0.05 | +0.04 | —0.00 0.00 | —0.06 —0.03 
2700 2.16 +0.07 | +0.0¢ | —0.02 | —0.02 | —0.09 —0.05 
2800 2.31 +0.08 | +0.02 | —0.03 | —0.04 | —0.10 —0.06 
2900 2.47 +0.08 0.00 | —0.04 | —0.07 | —0.10 —0.07 
3000 2.63 +0.13 | —0.02 | —0.07 | -—010 | —0.11 —0.08 
3100 2.79 +012 | -004] .... —0.12 
3200 2.96 +013 | -0.08 | .... —0.16 
3300 3.13 +013 | —O11 abse -0.29 | .... 
3400 3.31 | +009 | —O014] .... —0.22 | .... | 
3500 3.49 +0.08 | —0.18 d —0.26 





Table IV. The values of y,—9, in this table are calculated from the viscosity 
and heat conductivity of nitrogen.) 

A comparison of Tables III and IV shows clearly the very great differ- 
ence between hydrogen and nitrogen. With nitrogen the heat loss increases with 
the temperature very nearly proportionally to ¢,—¢,. The differences ob- 
served and tabulated are not greater than the possible experimental errors. In 
the case of hydrogen, up to temperatures of 1500-1700°K, the results are 
similar to those of nitrogen; that is, there is no evidence that the differences 
between W and W, are anything more than experimental errors. But at very 
high temperatures W, increases very rapidly, and becomes 50 or 100 times 
as large as the possible experimental error. 

In the second part of this paper, these data will be used to calculate the 
degree of dissociation and the heat of formation of hydrogen molecules. The 
experiments at low pressures lead to a somewhat detailed knowledge of the 
mechanism of the reaction taking place on the surface of the wire. 


1 See Physic. Rev., loc. cit. 
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Part II, Calculation of the Degree of Dissociation and the Heat 
of Formation 


THE FIRST part of this paper’ dealt with experiments on the heat losses 
from fine tungsten wires in hydrogen at pressures ranging from 0.010 mm 
up to atmospheric pressure. The results were given in a series of tables, and 
form the basis for the present calculation of the degree of dissociation and 
the heat of formation of molecular hydrogen. 

The previous calculations of the dissociation of hydrogen* were based on 
the use of the equation 

Wp = SDae, (3) 
as described in Part I. The equation itself rests on a firm foundation, but the 
assumptions previously made in applying it to experimental results are open 
to serious criticism. 

In the first place, it was assumed that the diffusion coefficient D could 
be calculated with sufficient accuracy from some equations of the kinetic 
theory by the rather arbitrary choice of a value for the mean free path of hydro- 
gen atoms through ordinary molecular hydrogen. 

Secondly, it was assumed that the shape factor S in the above equation 
had the same value as that obtained from the data on the convection losses in 
hydrogen at temperatures below that at which dissociation occurred. 

Thirdly, it was assumed that the hydrogen in the immediate vicinity of 
the tungsten wire was in chemical equilibrium at a temperature corresponding 
to that of the wire. In other words, c, was taken to be the equilibrium 
concentration at the temperature of the wire. 

And finally, the value of g, was found by a method which itself involved 
any error occurring in D. 

Each of the four factors in Equation 3 was therefore liable to error. This 
was realized and pointed out at the time the calculations were made, but there 


[Epitor’s Note: This paper was also published in Z. Elektrochemie 23 217 1917.] 

1 Langmuir and Mackay, ¥. Am. Chem. Soc. 36, 1708 (1914). 

2 Ibid. 34, 860 (1912). This paper will hereafter be referred to as the ‘‘paper of 1912”. 
The numbers of the equations are the same as those used in Part I. 
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was then no reason to suspect that any of these sources of error was serious 
enough to greatly affect the results. 

In the present paper we shall endeavor to avoid these arbitrary assumptions 
and, by a careful analysis of the mechanism of the phenomena occurring in 
and around the wire, we will attempt to estimate and eliminate the errors 
which would otherwise occur. 


1. Effect of Convection Currents 


In the experiments with hydrogen at atmospheric pressure the effect of 
convection currents in heating the upper part of the bulb was very noticeable. 
But in the bulbs with 200 mm pressure of hydrogen or less, the upper part 
of the bulb was not as strongly heated as the lower part. It is, in fact, well 
known that convection currents decrease rapidly in intensity as the pressure 
is lowered, also that in hydrogen they are very much less pronounced than 
in other gases. If one considers the cause of convection currents it is evident 
that the behavior of hydrogen is just what one should expect. 

The force producing convection currents is proportional to the difference 
in the densities of the ascending and descending currents of the gas. Since 
the density of a gas is equal to pM/RT it is readily seen that the force produc- 
ing convection is thus proportional to 


pM [1 1 \= ~M ae 
R (7: TT.) ee ( T, | 
This force is directly proportional to the density of the gas and to the frac- 
tion (T,;—T;)/T,. As T, becomes large this fraction approaches unity as 
a limit, so that, at very high temperatures, there is little tendency for convec- 
tion to increase, and even this is largely counteracted by the increasing viscos- 
ity of the gas at high temperatures. 
The experimental results themselves, however, furnish us with data by which 
we can estimate the effect of convection currents. 
At temperatures below that at which perceptible dissociation of hydrogen 
occurs, we have seen that the heat losses from the filament are given fairly 
accurately by the equation (see Table III, Part I). 


We = S(¢2—%1)- (2) 


The shape factor S for concentric cylinders is equal to (Phys. Rev. 34, 407 
(1912)) 





2x 


S= thojd 


(7) 


where 6 is the diameter of the film of gas around the wire through which con- 
duction takes place and d is the diameter of the wire. 
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Let us now substitute the experimentally determined values of S from 
Table III in this equation, together with the known value of d (= 0.00706 cm) 
and solve the equation for b. We thus find 


p Ss 6 
750 mm 1.25 1.08 cm 
200 0.88 9.0 
100 0.72 45.0 
50 0.56 530.0 


At atmospheric pressure the effective diameter of the film of conducting 
gas around the tungsten wire is about one centimeter, but at 200 mm pressure 
the diameter is already 9 cm, which is larger than the diameter of the bulb 
(7 cm). This means that the heat loss from the filament is actually less than 
if there were no convection currents and the ordinary laws of heat conduction 
could be applied. At lower pressures the heat loss becomes still less, although 
we know that the true heat conductivity of gases is independent of the pressure. 

These considerations lead us to conclude that the effects of convection 
currents can be neglected even at pressures as high as 200 mm. We shall see 
that the decrease in the values of S at the lower pressures is due to a temper- 
ature discontinuity at the surface of the wire. 


2. The Temperature-drop at the Surface of the Wire 


Kundt and Warburg, in a study of the viscosity of gases at low pressures, 
showed, both experimentally and theoretically, that there is a certain apparent 
slipping of the gas along the surface. In gases at atmospheric pressure this 
effect is very small, but it varies inversely proportional to the pressure and 
thus becomes very important at low pressures. The thickness of the layer in 
which this slipping occurs is approximately equal to the mean free path of 
the gas molecules. Kundt and Warburg predicted, from the analogy between 
viscosity and heat conduction, that a corresponding discontinuity in tempera- 
ture at the surface of a solid body would be observed in the case of heat con- 
duction through gases at low pressure. 

Over twenty years later Smoluchowski? actually observed and studied this 
temperature drop and developed the theory of it. The temperature drop occurr- 
ed within a layer about equal in thickness to the free path of the molecules. 
Smoluchowski found that in some gases, particularly hydrogen, the amount 
of heat given up to the gas by a solid body was only a fraction of that which 
should be delivered if each molecule striking the surface reached thermal equi- 
librium with the solid before leaving it. 

Smoluchowski developed the theory of this effect along the lines of two 
alternative hypotheses, which he denotes by A and B. 


1 Pogg. Ann. 156, 177 (1875). 
2 Wied. Ann. 64, 101 (1898); Wien. Sitzungsber. 108, 5 (1899); Phil. Mag. 46, 192 (1898). 
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Hypothesis A is equivalent to that made more recently by Knudsen. It 
assumes, when molecules of a temperature T, strike a surface at a higher tem- 
perature T,, that the molecules leaving the surface have a temperature T which 
is intermediate between T, and T, and that the relation holds 


T-T, = o(T,—T)) (8) 


where a is a number less than unity and is called by Knudsen the ‘“accom- 
modation coefficient.” 

Hypothesis B is similar to that originally used by Maxwell* in dealing with 
the slip of gases. It assumes that, of all the molecules striking the surface, a frac- 
tion, f, reaches thermal equilibrium with it, while the fraction 1—f is reflected 
without change of temperature (or rather velocity). 

The two methods give analogous, but quantitatively slightly different results. 
Smoluchowski* considers that the accuracy of experimental results has not yet 
been sufficient to distinguish between them, notwithstanding Knudsen’s opinion to 
the contrary, and that in all probability the truth is intermediate between the two. 

The formulas developed by Smoluchowski are only adapted to be applied 
to small differences of temperature and to heat conduction between surfaces 
whose radius of curvature is large compared to the mean free path of the mole- 
cules. In the present experiments, however, we are dealing with very small 
wires and with temperature drops of sometimes a thousand degrees or more, 
and we shall therefore need to derive the equations independently. We shall 
choose a simpler, although less rigorous method, based upon the same princi- 
ples as those used by Smoluchowski. In this way we shall gain a clearer insight 
into the phenomena occurring around the wire and will be in a better position 
to apply similar principles to the problem of calculating the degree of disso- 
ciation of the gas. 


Theory of Heat Conduction from Small Wires. — Let us consider a small 
heated wire A (Fig. 1) placed in the axis of a large cylindrical bulb B of dia- 
meter b, containing gas at such low pressure that the effects of convection can 
be neglected. Let T, be the temperature of the wire and T, that of the bulb. 
If 4 represents the length of the mean free path, then the distance which a mole- 
cule leaving the wire travels before colliding with other molecules is approxi- 
mately 4.4 On the other hand, the molecules striking the wire come from an 


1 Ann. Phys. 34, 593 (1911). 

? Phil. Trans. 170, 231 (1879). 

* Ann. Phys. 35, 983 (1911). 

Knudsen, Ann. Phys. 34, 654 (1911), shows that the temperature of the molecules striking 
a plane surface corresponds to the temperature of the gas at a distance equal to 0.95 times the 
mean free path of the molecules. Using more recent data than that available to Knudsen, I cal- 
culate from his formulas that this coefficient should be about 1.2. Undoubtedly the coefficient 
would be somewhat different for very small wires from what it is for plane surfaces, but in any 
case its order of magnitude is close to unity. Fairly large errors in the value of this coefficient 
make only very slight differences in the results that are to be obtained by its aid. 
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average distance 4. Let us draw a circle, C (in Fig. 1), of diameter d+2A, 
around the wire, whose diameter is d and a similar circle D of diameter 6—2A. 

We may now look upon the heat conduction from the wire A to the cylin- 
der B as taking place in the following steps: 

1. Molecules of gas leave the wire and travel to C, where they are 
absorbed, and some molecules from C travel to the wire, a certain fraction of 
these absorbing heat from the wire. 

2. From C to D the heat is carried according 
to the ordinary laws of heat conduction. 

3. From D to B the energy is transferred by 
a simple interchange of molecules in a similar 
way to the transfer from A to C. 


Thus we consider a temperature discontinuity 
from A to C and from D to B, but a continuous 
variation of temperature from C to D. 

Since we are dealing with small wires in 
relatively large cylinders, we can readily see 
that the temperature drop from D to B will 
always be negligible compared to that from A to D. We shall therefore leave 
it out of consideration. 

Let us represent by T, the temperature of the gas at C. We can now cal- 
culate the temperature drop T,—T,.? 

If we let m be the rate at which the gas comes into contact with the wire 
(in grams per sq. cm per second), then the heat carried from the wire per second 
will be (per cm of length)? 


We = 4.192 d(C,/M)a(T,—T,)m. (9) 


Here C, is the molecular heat at constant volume and the coefficient 4.19 
converts calories to watt-seconds. The fraction a is the accommodation coeffi- 
cient, and d is the diameter of the wire. 

In order to calculate T,—T, from Equation 9 we must now substitute in 
it the value of m as given by Equation 5 of Part I, namely, 


M 
m= V oxr p. (5) 


1 This is somewhat greater than the temperature drop defined by Smoluchowski, for it 
‘includes the normal temperature difference between A and C. 

* Knudsen shows that this should be multiplied by 4/3, since the average velocity of all the 
molecules striking any surface is greater than the average velocity of the molecules in the body 
of the gas. This is due to the fact that the molecules of high velocity have a much greater chance 
of striking a surface than those of low velocity. On the other hand, for polyatomic gases the exchange 
of rotational energy is not complete and, therefore, a quantity less than should be substituted 
in the above equation. According to Smoluchowski, the combined effect of these two corrections 
would lead to a coefficient of 16/15 in place of the 4/3 mentioned above. For the present purpose 
this small correction may be neglected. _ 
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Here M is the molecular weight of the gas, T, is the temperature of the gas at 
a distance A from the wire (at C in Fig. 1). 

In the derivation of this formula Maxwell’s distribution law was assumed 
to hold. Where the temperature discontinuity at the surface is as large as in 
the present experiments the distribution of velocities among the molecules is 
undoubtedly very complex. The error involved in using this equation must, 
however, be relatively small. 

Before substituting (5) in (9) let us insert the numerical values of the con- 
stants. In (5) we place M = 2, R = 8.3210" ergs/°C and express p in mm 
of mercury and m in grams per sq. cm per second. We thus obtain 


raked 
VT, 

In (9) we place C, = 5,26 g cals. per degree (from 300° to 1500°K)* and 

d = 0.00706 cm. This gives, when we combine with (10) 
WoT. 

ae (11) 

This equation enables us to estimate the difference between the tempera- 
ture of the wire and that of the gas molecules which strike its surface. 

We may also calculate the temperature of the gas molecules striking the 

wire in another way. Between the surface C (Fig. 1) and the bulb, the ordinary 


laws of heat conduction must apply at pressures below that at which convec- 
tion occurs. Thus we may place, according to (2) and (7) 


2x 
= aia rD Pom (12) 


(10) 


T,—T, = 49.6 


We 


If we know the effective diameter of the bulb and the mean free path of 
the gas molecules, we can calculate from this equation the value of (p,—¢), 
and since @ is a known function of the temperature, this in turn will enable 
us to determine T,. 

Let us now calculate T, from our experiments with hydrogen by means 
of Equations 11 and 12. For this purpose we will choose the data obtained 
at 1500°K, for at this temperature there is no appreciable dissociation and the 
temperature measurements are more accurate than at lower temperatures. 
These data, as taken from Tables I and II of Part I, are given below in Table V 


1 With large differences of temperature over distances comparable with the free path, an- 
other effect, which we may call the radiometer effect, enters to render Equation 5 inaccurate. The 
rapidly moving molecules leaving the wire tend to drive back the slower incoming molecules and 
thus to decrease the rate at which the molecules strike the wire. Although this effect would be 
very important if we were dealing with large flat surfaces, calculation shows that in our present 
experiments, where only fine wires are employed, this error is always less than 5°/, and usually 
much less than this. It has, therefore, been neglected. 

? The letter K is used to denote temperatures on the absolute scale (Kelvin). 
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in the second column. The figures represent the watts per centimeter carried 
by the hydrogen from a wire at 1500°K. The first column gives the pressure 
of hydrogen in mm of mercury. In the third column are the values of T, cal- 


culated by Equation 11. 
TABLE V 


Wire in Hydrogen 





























T, = 1500 a= 0.19 
t: 2. 3. 4. 5. 6. 7. 
i X 

p We Ta by (11) cm Pa-Fr b | Ta by (12) 
750 | 5.50 1428 0.0001 [4.10] 0.73 =| (1428) 
200 «=| 3.90 |_~—«:1316 0.0003 [3.53] 1.87 (1316) 
100 3.13 1216 0.0006 (3.03) | 3.7 (1216) 
50 (2.52) | 1071 0.0011 2.39 B71 1070 
25 1.92 900 0.0020 1.78 B.7] 920 
10 (0.94) | - 806 0.0037 0.83 B71 660 
44 047 =| 742 0.0063 0.46 19.0] 520 
11 0.19 495 0.020 0.16 19.0] 390 
0.207. 0.050 344 0.094 0.03 19.0] 317 
0.039 | 0.009 | 360 0.5 0.003 [9.0] 302 
0.015 | 0.004 (300) | 1.3 0.001 (9.0) 300 








The accommodation coefficient a was calculated from the data at the lowest 
pressure (0.015 mm) by substituting T, = 300;1 T, = 1500; W, = 0,004; 
and p = 0.015 in Equation 11. This gave a = 0.19, which, when substituted 
in (11) gave 

T.—T, = 260(Wo/p) VTa - (13) 

The values of T, given in the third column of Table V were obtained by 
solving these quadratic equations. 

The free path of hydrogen molecules at 0°C and 1 mm pressure is 0.0135 cm, 
according to O. E. Meyer. The free path varies with the temperature accord- 
ing to Sutherland’s formula, but for the present purpose it is accurate enough 
to assume that it is inversely proportional to the density. The fact that at low 
pressures the molecules leaving the filament travel through groups of mole- 
cules having a much lower temperature, introduces the necessity for a rather 
special calculation of the free path leading to the formula? 


49.5x 10-6 2T, 
A= T, a 14 
en eee (is) 
This equation was used to calculate the free paths given in Col. 4 of Table V. 





* That it is justifiable to place Tz = 300 at these lowest pressures is shown by the results 
obtained below and given in the seventh column. 

* Derived from the equations given on page 260 of Meyer’s Kinetische Theorie der Gase, Ger- 
man edition of 1899. 
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At the higher pressures the effects of convection currents cannot be neglect- 
ed, so that Equation 12 would not be expected to hold accurately under these 
conditions. However, even in the case of convection from small wires in the 
open air we may profitably look upon the phenomena as consisting essentially 
in conduction through a film of stationary gas of a certain thickness. If we 
adopt this view-point, Equation 12 applies even at the higher pressures, but 5 
then no longer represents the diameter of the bulb, but becomes the effective 
diameter of the film of gas through which conduction occurs. To determine 
the value of b we need only substitute the values of W,, d, A and g,—¢, in Equa- 
tion 12 and solve for 6. For this purpose the values of y,—¢, were calculated 
from T,, for the pressures of 760 to 100 mm, and are given in Table V (Col. 5) 
in brackets. These then served to calculate 6 from (12). At the lower pressures 
(50-10 mm) it was then assumed that convection currents were absent and 
that 6 was therefore independent of the pressure and equal to the value 3.7 cm, 
as found at 100 mm. Below 10 mm 6b was placed equal to the diameter of the 
bulb, for in these experiments a straight wire in a cylindrical bulb was used. 

The values of p,—¢, at the lower pressures were obtained from (12) by 
substituting in it W,, 6,d and 4 as given in the table. The results are given in 
Col. 5 (without brackets) and were used to calculate the corresponding values 
of T, given in the seventh column. 

By comparison of Cols. 3 and 7, it is seen that there is reasonably good agree- 
ment between the values of T,, calculated by these entirely independent meth- 
ods. The fact that the temperature drop at the surface of the wire (T,—T,) 
is so large, even at the higher pressures, is the reason for the variation of the 
shape factor (given in Table III at the heads of the columns). 

The accommodation coefficients a is found above to be equal to 0.19. This 
is considerably lower than the value 0.36 found by Knudsen for hydrogen 
in contact with polished platinum at approximately room temperature. 

The results given in Col. 6 of Table V show that the effective thickness of 
the layer of “stationary” gas around the wire increases as the pressure decreases 
from 770 to 100 mm, owing to convection currents. At lower pressures, how- 
ever, the results indicate that there is no further change in b. If the lamps 
used in these experiments had contained a long, straight filament in the axis 
of a cylindrical bulb, then 6 should be equal to the diameter of the bulb. Actually, 
however, the filament was a short loop only about 3 cm long. The resulting 
divergence of the lines of heat flow would tend to increase the shape factor, 
which would be equivalent to a decrease in diameter of a cylindrical bulb. 
Hence the value of 3.7 cm found above for 6 is in as close agreement with the 
actual bulb diameter (7 cm) as the experimental conditions would seem to war- 
rant. 

Nitrogen. — Similar calculations from the data given in Table I, for a fila- 
ment at a temperature of 2400° in nitrogen yield the results shown in Table VI. 
The values of T, in Col. 3 were obtained from a formula similar to (11) in which, 
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however, the coefficient 49.6 was replaced by 166, corresponding to the different 
molecular weight and specific heat of nitrogen. The columns of Table VI cor- 
respond exactly to those of Table V. 

It is seen by the variation of 5 that the effect of convection is much more 
marked than with hydrogen and persists at pressures even as low as 50 mm. 














Taste VI 
Wire in Nitrogen 
T, = 2400 a = 0.60 
av | 2. amr ] 4. 5. | 6. 7. 
| ; a \ | 
a We | Te i em | gam | | Ta by (12) 
750 246 ' 2356 ; 0.0001 | [1.68] | 0.54 (2356) 
200 2.06 | 2264 | 0.0003 [1.56] 0.89 (2264) 
100 1.87 2160 | 0.0006 | [1.44] | 1.01 (2160) 
50 1.34 2064 0.0011 [1.32] 4.4 (2064) 
10 0.75 | = 1580 | 0.0046 | 0.74 | (8) 1530 
1 | 016 | 1000 0.031 =| 0.12 [8] 650 





The accommodation coefficient is much larger than that of hydrogen, but 
is again less than that given by Knudsen (for air) at room temperature. 

The agreement between the values of T, calculated by the two independent 
methods, in both Tables V and VI, is sufficiently good to show that the general 
theory of heat conduction and convection used in making the calculations can 
safely be applied to the case of fine tungsten wires in hydrogen and nitrogen 
at all pressures. Evidently the heat conductivities of these gases, within the 
ranges of temperature considered above, vary with the temperature in the 
way that is to be expected from their behavior at ordinary temperatures. 


3. Concentration Drop at the Surface of the Wire 


We have seen that the temperature of the layer of gas next to the wire may 
be very much lower than that of the wire itself. To assume that these two tem- 
peratures are equal, which amounts to assuming temperature equilibrium at 
the surface of the wire, would lead to entirely erroneous results. 

The diffusion of one gas through another is a phenomenon closely related 
to heat conduction. In the case of the evaporation of a solid surrounded by 
a gas, where the vapor must diffuse outward through the gas, the partial pres- 
sure of the vapor at the surface of the solid will be less than that of the saturated 
vapor. In other words there will be a “concentration drop”’ at the surface, just 
as there is a “temperature drop” in the analogous case of heat conduction, and 
a “slip” in gases where viscosity effects are involved. Analogy suggests that 
this concentration drop will be inversely proportional to the pressure. 

In the previous calculations of the dissociation of hydrogen it was assumed 
that the concentration of the hydrogen atoms close to the wire, was that corres- 
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ponding to equilibrium at the temperature of the wire. As the experiments 
underlying these calculations were made at atmospheric pressure, this assump- 
tion involved no serious error, but at the low pressures which we are now to 
consider, such an assumption would render the results worthless. 

In analyzing the effect of the surface concentration drop in our present 
experiments, we may follow methods entirely analogous to those which we 
adopted in estimating the temperature drop. 

Let us consider the mechanism of the phenomena occurring on and around 
a tungsten wire surrounded by hydrogen, and heated to such a high tempera- 
ture that the hydrogen is partly dissociated. The hydrogen molecules striking 
the surface come from an average distance of approximately 4 (the mean free 
path). A certain proportion of these molecules leave the surface without change 
(reflected) and another portion is absorbed by the wire and may thus be disso- 
ciated. Similarly, hydrogen atoms striking the filament may be absorbed or 
reflected. The hydrogen which is absorbed probably reaches chemical equilib- 
rium within the wire and the atoms and molecules in certain proportions 
diffuse out and away from the wire. We assume that the hydrogen not ab- 
sorbed undergoes no chemical change. 

Let m, represent the rate at which hydrogen molecules strike the surface 
of the filament (in grams per sq. cm per second) and m, be the corresponding 
rate for the hydrogen atoms. Let a,m, be the rate at which the hydrogen atoms 
are absorbed by the wire and a.m, be the rate at which the molecules are ab- 
sorbed. Now in a stationary condition the total amount of hydrogen escaping 
from within the wire must be equal to the rate at which it is absorbed. We 
may look upon the surface of the wire as the boundary of a space containing 
hydrogen in equilibrium. The rate at which the hydrogen atoms in the metal 
reach the surface (from within) we shall call , and the corresponding rate for 
the molecules n,. Similarly, we shall let £,, be the rate at which atoms escape 
from the metal and fn, the rate at which molecules escape. Then in a station- 
ary state we have 

Bym+ Bon, = a,m,+02m;. (15) 

We assume that the coefficients a and f are constant; that is, that they are 
independent of m and n, although they may vary with the temperature. 

The energy (watts) carried away from the wire (per cm) because of the disso- 
ciation, we have called W,. If q, be the heat (calories) necessary to dissociate 
1 g of hydrogen, then we have 


W, = 4.192 dq,(a,m,—Byn2). (16) 
Here d is the diameter of the wire. The quantity in parenthesis is the differ- 
ence between the rates at which hydrogen molecules are absorbed and are 


given up by the wire and therefore is equal to the rate at which hydrogen is 
dissociated. 
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If we place 
w = W/(4.192 dq) (17) 
then (16) becomes 
w = agm,—B,ng. (18) 
Combining this with (15), we obtain 
w = B,n,—a,m, (19) 
whence 
Byn, = aym, +o 


Ban, = a3m,— 


(20) 


Now we have assumed that equilibrium exists between the hydrogen atoms 
and molecules absorbed by the wire. According to the law of mass action, the 
concentration of the hydrogen molecules in the metal is proportional to the 
square of the concentration of the atoms. But 2, and m, must be proportional 
to these concentrations. From Equation 20 we thus obtain 


(a m-+0)* = A(aym,—0). (21) 


Here A is a constant which is proportional to the dissociation constant of 
hydrogen dissolved in the metal. We may now obtain a relation between this 
quantity A and the true dissociation constant K of gaseous hydrogen (outside 
the wire). 

We have 


K = (p1)*/Ps (22) 
where p; and p; are, respectively, the partial pressures of hydrogen atoms 
and molecules corresponding to equilibrium in the gaseous phase. 

By Equation 5 (Part I) we have from (22) by placing M, = 1 and M, = 2 
K = V4aRT, (mi)*/m, (23) 
where T, is the temperature of the filament. 


On the other hand, if we place w = 0 in (21), we obtain the condition for 
equilibrium. In this case (21) becomes 


A = (ai/as) -(mj)*/m, (24) 
and by combining this with (23) we find the desired relation between A and K 
K = 4aRT, (a,/a3) A. (25) 


If we now substitute in (21) the values of m, and m, from Equation 5 and 
then combine with (25), we obtain 


K = yTyT, (etbov2aRT fa) (26) 
*°" p,—oy 2aRT, [aay 2 
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Here T, is the temperature of the gas around the wire at a distance A from 
it (corresponding to circle C of Fig. 1). When w = 0 and T, = T, this equation 
reduces to the ordinary form of the law of mass action. The ‘‘drop in concen- 
tration” corresponding to the drop in temperature previously considered is 
equivalent to w)27RT,/a,.1 

In the above equation p, and p, are the partial pressures of hydrogen atoms 
and molecules at a distance 4 from the wire. 





Let us substitute the numerical values of the constants involved in (26). 
If we express p in mm of mercury, then the factor }/27R is 17.15. If we place 
d = 0.00706 cm (the diameter of the wire) in (17) we find w = 10.8 W,/q:. 
Substituting these in (26), we obtain 


K = y TyT, ect 185: Woy Telasa) 
Pr—131 W,) T, Jaq, 





(27) 


Here p is expressed in mm, W, in watts per cm, and q, in calories per gram. 


4. Diffusion of Atomic Hydrogen away from the Wire 


In the calculation of the temperature drop around a wire in hydrogen, we 
used two methods which led to Equations 11 and 12, respectively. Similarly, 
in the calculation of the concentration drop, two methods may be used. The 
method adopted above in obtaining Equation 27 is analogous to that used in 
deriving (11), whereas the following method corresponds to that employed 
in obtaining (12). 

In the “paper of 1912” it was shown that 


W, = SDqg, (3) 
Here ¢, is to be expressed in mols per cc., and is equal to 
¢ = p,/RT. (28) 


The diffusion coefficient varies with the temperature according to Suther- 
land’s formula, but at the high temperatures we are dealing with, this becomes 
equivalent to stating that the diffusion coefficient varies with the 3/2 power 
of the temperature. We will assume that the diffusion coefficient of hydrogen 
atoms through molecular hydrogen varies in this way with the temperature, 
although we shall avoid assumptions as to its actual magnitude. Since the diffu- 
sion coefficient is inversely proportional to the pressure, we may thus place: 


D = DT,/273)":- (760/P) (29) 


where D, is the diffusion coefficient at 0° and 760 mm pressure, and T, is the 
temperature of the gas around the wire (i.e., at the distance A from it). 








1 Expressed as partial pressure instead of concentration. 
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Combining (29), (28), and (3) we obtain, after substituting the numerical 
value for R 
W, = 11.3x 10-*Sq,D,1/T, p/P. (30) 
This equation gives us the desired relation between ,, the partial pressure 
of hydrogen atoms around the wire, and Wp. It enables us to calculate the 
degree of dissociation if we know S, q, and D,. 


5. Equations Involved in Calculating the Dissociation Constant, etc. 


Equation 27 has given us a means of calculating the dissociation constant from 
the partial pressures of hydrogen atoms and molecules around the wire. These 
partial pressures may be expressed in terms of the diffusion constant by means 
of Equation 30. By combining these two equations it is possible to obtain a gen- 
eral solution of the problem in the following form: 








K =) TIT. pap) (31) 
where vis 
B = 88,500/(SDoq,}/T,) cm per watt (32) 
C = 131) T,/(aeq,) mm of Hg per watt/cm (33) 
E = 185j/T, /(a.g,) mm of Hg per watt/cm. (34) 


The dissociation constant K increases rapidly with the ternperature, while B, 
C and E depend only to a small degree on the temperature, and therefore we 
see by (31) that at low temperatures W, will increase approximately propor- 
tional to j/K. At high temperatures however, the two terms in the denomi- 
nator must tend to become equal, so that W, would approach a limiting value. 
From Equation 31 we can readily derive simple equations for these limiting 
cases. 
At low temperatures the second term of the denominator is negligible, so 
that 
K = Ty/T, W3(BP-+E)}/P. (35) 


At low pressures this gives: 


W, = Vi VE : (36) 

At high pressures (here T, = T,). 
W, =) K/P/B. (37) 
At intermediate pressures W, increases to a maximum. Differentiating 


(35) with respect to P and placing dW,/dP = 0 leads to following maximum 
value of W, (here T, = T,): 


Wau. =) K/ABE. (38) 


9 Langmuir Memorial Volumes I 
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The pressure at which this maximum occurs is 
P’=E/B. (39) 
At high temperatures W,, increases so that ultimately W,(BP+C) becomes 


nearly equal to P. Beyond this value it cannot go. Therefore, at high tempera- 
tures W, must gradually approach a limiting value. This limit is 


at low pressures 
W, = P/C (40) 
at high pressures 
W, = 1/B. (41) 
The higher the pressure the higher is the temperature at which W, approaches 
its limiting value. 
We shall see that the case where C = E, is of special importance. If we 
make this substitution in (31) and place 


F = BP+E (42) 
we obtain the very simple equation 
F*W?, 
=y 
VTIT pew: (43) 


At higher pressures T, becomes practically equal to T,, so the euanon is 
still further simplified. 

K = F*W3/(P—FW,). (43a) 

Comparing this with (22), we see that FW, is equal to the partial pressure 
of hydrogen atoms corresponding to equilibrium at the temperature of the fila- 
ment. The degree of dissociation of the hydrogen in equilibrium is therefore 
FW,/P. 

At low temperatures we have already found expressions for the maximum 
value of W, and the pressure at which this occurs. On the assumption that 
C =E we may now find more general expressions applicable even at high 
temperatures. Differentiating (42) and (43a) with respect to P, placing 
dW,/dP = 0 and solving the resulting equation together with (31), we obtain 


Was = 1/(B+y4BE/K). (44) 
= (E/B)+yEK/B. (45) 


6. Calculation of Results from Experimental Data 


The equations that have been derived in the preceding section give us means 
of calculating the coefficients B, C and E, and in this way of determining the 
dissociation constant K. Thus from the experiments at low pressures and at 
low temperatures it should be possible by (36) to find the ratio y’K: E. Experi- 
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ments at high pressures give by (37) /K:B, while those at high temperatures 
and low pressures give C according to (40). At high pressures and high tem- 
peratures we should then obtain B by (41). By combining these results it would 
thus be possible to find the actual values of B, C, E and K, separately. In prac- 
tice, however, this method gives difficulty, because the experiments do not 
cover a sufficiently wide range of pressures or temperatures to allow these 
limiting equations to hold accurately. Furthermore, the values of W, obtained 
under the extremes of temperature or pressure are often subject to unusually 
large experimental error, and it is unwise to use such data exclusively for the 
determination of the coefficients. A third difficulty is that Equations 36, 37, 
40 and 41 all involve to some extent T,, the temperature of the gas around 
the wire, which is not accurately known. 

The method finally adopted to determine the coefficients B, C and F has 
been chosen because of its relative freedom from these difficulties. 

1. The Value of C. — According to our theory, at very low pressures, W, 
does not increase indefinitely with rising temperature, but approaches a limit- 
ing value equal to P/C (Equation 40). If we examine the experimental data 
of Table III we see, in fact, that W, at the three lower pressures, 0.015, 0.039 
and 207 mm, becomes constant at temperatures over 2700°. This is also readily 
seen from Fig. 2, in which log W, has been plotted against 1/T. The limiting 
value of W, at high temperatures for each of these pressures is given in the 
following table, along with the ratio P/W,, which, according to (40), is equal 
to C: 





Taste VII 
P | Wo | C= P/Wp ! T. 
oois | 018 | 0.0835 300 
0.039 | 0.47 | 0.083 300 
0.207 | 


1.85 | 0.112 | 545 





The constancy of C at the lower pressures and its increase at the higher 
pressure, is in full accord with Equation 33, which states that C is proportional 
to )T,. At very low pressures T, must be equal to the temperature of the bulb 
(300°K), just as it was at lower filament temperatures (see Table V). At higher 
pressures, however, where the hydrogen atoms recombine long before reaching 
the surface of the bulb, the heat evolved raises the temperature of the gas con- 
siderably. At the lower pressures, however, we may safely place T, = 300, 
and we then find, by comparing Table VII with Equation 33: 


C = 0.0048 /T, (46) 
39, = 27,300 (47) 


This indicates, since by definition a, cannot exceed unity, that g, must be 
greater than 27,300, or the heat of formation of 2 g of hydrogen molecules, 
must be greater than 54,600 calories. 
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If we compare (46) with the value C = 0.112 obtained for P = 0.207, we 
find T, = 545. This is, as we shall see later, an entirely reasonable value. 

2. Calculation of an Approximate Value of q,.— If we can determine q,, 
then by (47) we can calculate a,. This will, in a certain measure, give us a check 
on our theory, for we know that a, cannot exceed unity. 

To calculate g,, we may make use of van ’t Hoff’s equation 


dinK/dT = q/RT®. (48) 


Here q is the heat of reaction at constant pressure since K is expressed in 
terms of partial pressures. The relation between g and q is 


q = 2q,+RT. (49) 


If we use ordinary logarithms in place of naperian and substitute R = 1.98 
calories, we may write Equation 48 as follows: 


dlog K/d(1/T) = —4q/4.57 (50) 


Since q varies so little with the temperature, we should, according to (50), 
obtain practically a straight line if we plot log K against 1/T. The slope of 
the line would then be q/4.57, from which, by (49), we could calculate g,. The 
slope of this line, however, would be the same if we plot the logarithm of any 
quantity proportional to K, instead of the logarithm of K itself. If we could 
assume that T, = T, and that B and E were independent of the temperature, 
then we see from (35) that W3, should be proportional to K. The values of 
q, that we might thus obtain by plotting log W3, would not be very accurate, 
because the above assumptions are not strictly correct. However, by using 
Equation 38, which gives us a relation between K and W,,4, we avoid these 
difficulties. By (32) and (34) we see that the factor BE is independent of T, 
and T;, so that K is strictly proportional to W,,,,- Another important advan- 
tage in using this equation in determining q is that it does not involve a knowl- 
edge of the pressure within the bulb. It should be remembered that in the 
experiments at pressures of 10 mm, and above, the pressures of the hydrogen 
as given in Table III were not measured while the filaments were heated, but 
were the pressures at which the bulbs were sealed at room temperature. The 
actual pressures in the bulbs during the experiment must have been consider- 
ably higher.2 

It is clear, however, that this uncertainty in the pressure does not affect 
Wrox nor the accuracy of K calculated from it by (38). 

By examining Table III we see, as the pressure increases, that W, increases 
to a maximum and then decreases. In the following table are the maximum 
values of W, corresponding to various temperatures as given in Table III: 


1 In some of the experiments at a pressure of 100 mm of hydrogen, the bulbs became so hot 
at the higher filament temperatures that the glass softened and sucked in slightly. In another 
experiment the bulb was immersed in water to keep it cool. This cooling did not have any 
perceptible effect on the value of Wp. 
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Tasts VIII 
T | Wax = VK/ABE | T | Wms = VK/4BE 
2000 | 1.3 | 2500 | 12.5 
2100 2.4 2600 | 16.7 
2200 4.0 2700 | 22.7 
2300 61 2800 | 30.0 


2400 89 | | 





By plotting 2logW,.. against 1/T we obtain in fact an almost perfectly 
straight line. From the slope of this line we calculate by (50) that g = 85500 
calories. If we take T, = 2400 (the center of the range of temperatures in the 
experiments), we then find by (49) 

q: = 40,300 calories. (51) 

3. Calculation of a, and Lower Limit for E.— Substituting (51) in (47), 
we obtain 

a, = 0.68. (52) 

This means that 68% of all the hydrogen molecules which strike the fila- 
ment at high temperatures are absorbed by the filament. 

If we substitute (51) in (34), we obtain 

E = 0.0046)/T,/a,. (53) 

Since a, cannot exceed unity, E must be greater than 0.0046)/T,. 

The coefficient a, gives the fraction of the hydrogen atoms striking, the 
filament which dissolve in it or are absorbed by it. There is a strong probability 
that this fraction should be very close to unity, for there is every reason to 
think that hydrogen atoms would be absorbed by a metal surface much more 
readily than the molecules, and we have just seen that 68% of the latter are 
absorbed. We shall see, however, that there is another way of estimating the 
value of a. 

4. Upper Limit for B. — According to (41), the limit which W, approaches 
at high temperatures does not increase indefinitely with the pressure, but ulti- 
mately becomes equal to 1/B. By examining the results given in Table III 
for the higher pressures we see that W, does not become constant even at 
the highest temperatures. This merely indicates that 1/B must be considerably 
greater than 117, the highest value of W, observed. Or in other words, B must 
be less and probably much less than 1/117, or 0.008. 

5. Estimation of Ratio E:B. — According to (39) at low filament tempera- 
tures the fraction E/B should be equal to the pressure at which the maximum 
values of W, occur. By referring to Table III we see that the highest values 
of W, are observed to 50 mm pressure. At the lower temperatures there is 
evidence that the maximum should lie at a pressure rather lower than 50 mm, 
although above 25 mm. The lack of experimental data at intermediate pres- 
sures makes it impossible to determine this pressure with much accuracy, but, 
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making allowance for the heating of the gases in the bulb, it is probable that 
the true pressure at which the maximum W, would occur is approximately 
50 mm. From this we may conclude that E/B = 50. 

6. Most Probable Values of E and a,.— Since B must be considerably less 
than 0.008 and E/B is equal to 50, we may conclude that E must be considerably 
smaller than 50 x 0.008 or 0.40. We have already seen that E must be greater 
than 0.0046 VT. If we take T, = 2500, E would have to be greater than 0.23. 
Therefore, E must lie between the ccmparatively narrow limits 0.23 and 0.40. 
There is, however, no reason for thinking that E must be greater than the lower 
limit, whereas there is evidence that it is considerably less than the upper limit. 
The most probable value of E is therefore obtained by placing a, = 1 in (53). 
The value thus obtained is, however, almost identical with the value of C given 
by (46). We have seen from (43) that the mathematical treatment is much simpli- 
fied if C = E. The small difference between 0.0048 and 0.0046 is well within 
the experimental error, so that for convenience we may place 


C = E = 0.0048)/T,. (54) 


7. Calculation of K from Low Pressure Data 


By the aid of these values of C and E we may calculate K from (43). We 
have seen that at high temperatures B is less than 0.008. Taking Equation 32 
into consideration, we may thus conclude that B must always be less than 
0.47/)/T,. At very low pressures T, = 300, so that under these conditions 
B might be as large as 0.027. At similarly low pressures E = 0.083. At a pres- 
sure P = 0.207 the term BP in (42) is less than 0.005 and may be neglected 
as compared to E in calculating F. We may thus calculate K from (43) without 
knowing the value of B, provided we use the data at pressures of 0.207 mm and 
lower. : 























Taste IX 
Dissociation Constant of Hydrogen from Low Pressure Data 
ee P = 0.015 mm P=0.039mm | P = 0.207 mm 
We K wo ! K 1 Wo | Ta | K 
1800 | 0.007 | 58x10- | 0.019 | 165x10-* , 0.068 317 501 x 10-* 
1900 | 0.013 | 210x10-* | 0.05 | 1.2x10% | 0.15 329 2.1x 10-* 
2000 0.025 | 870x10-* | 0.09 4.6x10-* 0.27 347 7.5x10-* 
2100 0.048 3.9x 10-* 0.14 13x 10-* 0.45 372 25 x 10% 
2200 0.085 17x 10-7 0.20 34x 10-* 0.65 400 64x 10-* 
2300 0.112 42x 10-3 0.27 85x 10-* 0.90 1: 430 160 x 10-* 
2400 0.139 | 112x10-* | 0.35 | 250x 10" ; 1.17 | 460 380 x 10°? 
2500 | 0.169 } 1... | 040 | 107 | 1.48 500 1.17 
2600 | 0179 ow... 045 | 25 | 171 | 520 2.6 
2700 | 0180 | ...... § OMT | Ueteses | 1.84 540. | seins 
2800 | 0180 | ...... ; O47 |... | 1.85 540 | woes. 
2900 | 0180 _...... DAT | Ss.aies | 185 | 540 | oe. 
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Table IX gives the results of such calculations from the data at the lowest 
pressures. The values of K were calculated from the corresponding values of 
W, by Equation 43, placing F = E. At 0.015 and 0.039 mm pressure, T, was 
placed equal to 300°, but at 0.207 mm the values of T, used in the calculation 
were those given in the next to the last column of the table. 

The choice of T, = 300, at the lowest pressures and the tabulated values 
at 0.207 mm, was based upon calculations similar to those previously employed 
in obtaining the temperature drop around a wire at low pressures. Thus we 
may calculate y,—¢, according to (12), substituting, however, Wo+W>, in 
place of W,. The data for the calculation, together with the results, are given 
in Table X. The values of W,+W, were taken directly from Table II. In 
this calculation it is assumed that the hydrogen atoms leaving the filament all 
recombine to form molecules within a distance 4 from the filament and that the 
heat thus liberated is carried to the bulb by ordinary heat conduction. This 
assumption, of course, cannot correspond exactly with the facts, but would 
lead to too high a value for T,. It is therefore not surprising that the value 
T, = 760 found at 0.207 mm should be higher than the value T, = 545 
previously calculated by Equation 46 from the data of Table VII. Taking the 
value T, = 545 as being correct and making a proportionate change in the 
corresponding values of ¢,—9,, we obtain the values of T, given in Table IX. 
At the lower pressures the values of T, are so close to 300° that it is not 
worth while to take into account the departures from this temperature. 











TABLE X 
i | ; | | b=9cm 
P N s | We+Wpat 2800 | gam, | aa 

| a 
0.015 1.3.cm | 5.0 0.19 | 0.038 321 
0.039 / 0.5 | 2.8 0.50 { 0.18 400 
0.207 | 0.1 i? 1.7 1.98 | 1.19 760 
1.1 ! 0.018 | 1.2 see's It ate. 

| | 1.0 | 


44 ' 0.004 








Before discussing the values of K of Table IX, we shall first attempt to 
calculate K from the data at pressures of 1.1 and 4.4 mm. 

At these higher pressures there is more uncertainty as to the value that 
should be assigned to T,. We may, however, adopt a method similar to that 
we employed to calculate T, at a pressure of 0.207 mm. In the latter case at 
very high temperatures W, became independent of T showing that the denom- 
inator in Equation 31 was practically zero. This led to Equation 40, from 
which we determined C and then by (33) we solved for T,. At the pressures 
above 0.207 mm, however, W, does not reach a constant value at the highest 
temperatures, although it shows a distinct tendency to do so. This is readily 
seen from Fig. 2, where log W, has been plotted against 1/T for the data ay 
pressures up to 4.4 mm. At the three lower pressures the curve becomes hori- 
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zontal at the highest temperatures, but at 1.1 mm the temperatures reached 
were not high enough to give the maximum value of W,. From the degree of 
curvature or the change of slope, we may, however, estimate the value of C 
and in this way find T,. 

By substituting the value of K from (43) in the modified form of van’t Hoff’s 
Equation 50 and carrying out the indicated operations, we obtain (considering 
F as constant and T, = T,) 

2dinWo F dW,/d(1/T) q 
d(1/T) P—FW, R° 

If we let — U be the slope of the curve obtained by plotting log W, against 
1/T, then the first term of this equation becomes equal to —2x2.30 U and 
in the second term we find dW,/d(1/T) = —2.30 U W,. Substituting these 
values in the equation and solving for U we find (since R = 1.98) 


U = bens ). (56) 








(55) 


4.57\ 2P—FW, 


At lower temperatures FW, becomes negligibly small compared to P, so 
that U approaches a definite limit U, which is equal to 0.109 g. From this rela- 
tion we can eliminate q from (56) and then solve for F, with the result: 


P U,—U 
Wr UU” 
From the curve of Fig. 2 we find the slope of the curve at 2700° (1/T = 
0.000370) to be 3760. We have already calculated that g is approximately 85,000 
and from this we obtain U, = 0.109, q = 9300. Substituting these in (57), 
together with W,(at 2700°) = 5.7 and P = 1.1, we obtain 


F = 0.145. 


According to (42) F = BP+E. The term BP is very small compared to E. 
We shall see that B = 0.23/)/T, and have already found E = 0.0048 } T,. 
Substituting these values of B, E and F in (42) and solving for T, , we find 
T, = 810. From this we may now calculate T, at all other filament tempera- 
tures, as we did at the lower pressures. Thus, taking S = 1.2 from Table X, 
we calculate y,—¢, from the corresponding values of W in Table II. If we use 
these values of y,—q, we obtain temperatures for T, that are much too high. 
However, by empirically taking 0.26 (p,—¢1) we find, at a filament tempera- 
ture of 2700°, the value T, = 810 in agreement with the calculation above. 
The values of T, for other filament temperatures are obtained from the corre- 
sponding values of 0.26 (p,—¢,). The results are recorded in Table XI. 

Having thus determined T,, it is easy to find F at other temperatures by Equa- 
tions 42, 54 and the relation B = 0.23/}/T,. These results are given in the 
fourth column of Table XI. The values of K given in the fifth column were 
obtained from F and W, by (43). 


F= (57) 
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The results shown in Table XII were obtained by exactly similar methods 
from the data of the experiments at a pressure of 4.4 mm. 


























TasLe XI 

Pressure 1.1 mm 
T, Wp | T; F : K 
1800 0.11 350 0.106 0.28x 10-3 
1900 0.24 360 0.107 1.45x 10-3 
2000 0.54 390 0.110 7.8 x 10-8 
2100 0.94 430 0.113 | 25 x10 
2200 145 | = 490 0.119 68 x10" 
2300 2.22 560 0.125 0.19 
2400 3.13 630 0.131 0.47 
2500 4.19 720 0.137 1.18 
2600 | 5.00 760 0.141 2.35 
2700 5.7 | 810 0.145 47 
2800 6.4 840 0.147 10.2 
2900 70 | 870 0.149 | 33.0 

Taste XII 

Pressure 4.4 mm 
T, wp | Ta | F | K 
1800 0.22 370 0.155 |  0,59x 107 
1900 0.43 390 0.156 2.3 x 10-8 
2000 0.71 420 0.157 6.3 x 10-8 
2100 1.26 | 460 | 0.158 20 x 10-* 
2200 210 | 520} 0.162 59 x 10-3 
2300 342 | 600 | 0.166 0.163 
2400 4.95 690 =| 0172 | 0.38 
2500 | 7.10 790 =| 0.177 | 0.90 
2600 9.80 900 | 0.183 | 210 











8. Final Results for the Dissociation Constant K, and the Heat 
of Formation q, 


From the experiments at low pressures we have been able to calculate the 
numerical value of C and E and obtain preliminary estimates of B and g. From 
the experiments at each of the pressures up to 4.4 mm we have calculated the 
dissociation constant K at temperatures from 1800 to 2900° and have collected 
the results in Tables IX, XI and XII. 

We are now in a position to test out the correctness of the theory which 
has been developed in this paper. The conditions which should be fulfilled 
by the values of K are 

1. K should be independent of the pressure. 

2. K should vary with the temperature according to van ’t Hoff’s equation; 
that is, log K plotted against 1/T should give a straight line. The slope of this 
line determines the value of g. 
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3. The value of g thus found should agree with that obtained at higher pres- 
sures. 

We see by examination of the tables that the values of K, found at the three 
higher pressures 0.207, 1.1 and 4.4 mm are in excellent agreement. At 0.039 mm 
the agreement is also good at the higher temperatures, but poorer at the lower 
temperatures. The results at 0.015 mm are considerably lower than the others. 
On the whole, however, considering that these experiments extend over a range 




















of pressures of nearly 300-fold, the agreement between the different values 
of K is surprisingly good. At the lowest pressures the correction for radiation 
from the filament is so large that errors from this cause, particularly at the lower 
temperatures, may perhaps account for the observed variation in K. 

In Fig. 3 the values of log K have been plotted against 1/T. In order to 
prevent the curves from overlapping, the successive curves have been displaced 
vertically by one unit; thus log K is plotted for P = 0.015 mm, while (1++log K) 
has been plotted for P = 0.039 and (2+log K) for P = 0.207, etc. The curves 
should be parallel and equidistant straight lines. The fact that they are actually 
so very nearly straight and parallel is excellent evidence of the correctness of 
the theory, especially so, since the curves obtained by plotting W, in a similar 
way (see Fig. 2) are by no means straight. 

Before proceeding further we will now examine the data and choose the 
most probable values of g to be used in subsequent calculations. 

The slope of the lines in Fig. 3 enables us to calculate g by Equation 50. 
The results thus obtained are given in Table XIII. 


The Dissociation of Hydrogen into Atoms. II 139 





Taste XIII 
q = Heat of Formation of Hydrogen at Constant Pressure 
7 Pressure 0.015 0.039 | 0.207 1A 44 
q 108,000 96,000 91,500 100,000 97,000 











We may also determine g from the experiments at higher pressures. For 
this purpose we may combine Equations 50 and 43. The difficulty arises that 
F is not strictly independent of the temperature, but varies with it slightly 





and to an extent that depends on the relative magnitude of BP and E (see Equa- 
tion 42). Since the variation of F with the temperature is small compared with 
that of W,, we may proceed as follows in calculating q: 

At the higher pressures now being considered, we may safely place j/T,/T; 
= 1 in Equation 43. We shall also see that under the conditions of our experi- 
ments at higher pressures the term FW, in the denominator of (43) can be 
neglected in comparison with P. 


Equation 43 thus simplifies to 
K = F-w3/P. (58) 
If we substitute this value of K in (50) and carry out the indicated opera- 
tions, we obtain 


2dlogW, , 2dlogF q 
d(1/T) a(i/T) ~~ 4.57" 








(59) 
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Now it can be readily shown by taking into account Equations 42, 32 and 
34 that : 
2d log F T PB—E 
d(1/T) 2.30 PB+E~ 








(60) 


This term is in the nature of a correction term. The first term of (59) is 
obtained directly by plotting log W, against 1/T. To calculate g we may 
therefore transform (59) to the following: ; 
dlog Wo _ 1 ogy PB—E 


q= 9.14 Try PETE (61) 





It is seen that the correction term can never exceed 1.98 T. 

Curves were prepared from the data of Table III by plotting log W, against 
1/T.. At the higher pressures these curves were very nearly straight lines. The 
slopes of these lines, multiplied by 9.14, gives the quantities represented by 
the first term of the second number of Equation 61. The values thus found 
are given in the second column of Table XIV. 








TaBLe XIV 
: PB—E 
Pressure 9.14x slope ~1.98T PBTE | q 
10 | +79,400 +4000 83,400 
25 | 80,200 +2000 | 82,200 
50 81,000 0 | 81,000 
100 96,200 —2000 94,200 
200 107,600 —3600 | 104,000 
750 91,400 —5200 | 86,200 





To calculate the correction term, the relative values of B and E must be 
known. We shall see that B is equal to 0.23/j/T,. If we consider that T, = T, 
and thus calculate B for a mean temperature of 3000, we obtain B = 0.005. 
Similarly, we find from (54) E = 0.26. With these values we may calculate 
the correction term corresponding to the second term of the second member 
of (61). The results are shown in the third column of Table XIV. 

The resulting values for the heat to formation are given in the fourth column. 
When these are compared with the values obtained at low pressures (given in 
Table XIII), it is seen that the agreement is reasonably good. 

Averaging all the results gives g = 93,000. It is felt, however, that a pro- 
perly weighted mean is closer to 90,000. We shall therefore adopt for our final 
value of gq. 


q = 90,000 calories . (62) 


This is the heat of formation of 2 grams of hydrogen molecules from atoms 
at constant pressure and at 3000°K. At constant volume we obtain (at 3000°K) 


92 = 84,000 calories . (63) 
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Substituting the above value for g in (50) and integrating, neglecting the 
small variation of g with the temperature, we find 
90,000 a 19,700 
457, Tt (64) 





log K = a— 


To determine the coefficient a we need to know the value of K at some 
one temperature. Let us choose 2300° as the temperature at which the low pres- 
sure results for K are most nearly free from experimental error. At higher 
temperatures the term FW, in the denominator of (43) introduces some uncer- 
tainty, whereas at lower temperatures W, becomes too small compared with 
Wg (see Tables II and III). By referring to Tables IX, XI, XII, we thus obtain 
for T, = 2300: 


Pressure 0.015 0.039 0.207 1.1 44 
K 0.042 0.085 0.160 0.193 0.163 


The mean of these is K = 0.12, but since the results at the lowest pressures 
are more subject to error a more probable value is thought to be 


K=0.16 at T,=2300. 
Substituting this in (64), we find 
a=7.77. 
Our final equation for the dissociation constant of hydrogen is 
log K = 7.77—19700/T. (65) 


The values of K corresponding to various values of T as calculated from 
this equation, are given in the second column of Table XV. From these, the 


Taste XV 
Dissociation Constant K (mm pressure) and Degree of Dissociation x 

















T | a see ee eo 

P = 760mm! P = 1mm P=760mm| P=1 
1200 | 0.0023x 10-* | 0.000002 0.00005 | 2500} 0.78! 0.0315 | 0.575 
1300 | 0.042 x 10-* | 0.000007 0.0002 2600 | 1.55 0.044 | 0,692 
1400 | 0.48 x10 | 0.000025 0.0007 2700 | 3.0 0.061 0.79 
1500 | 4.3. x10-* | 0.000075 0.0021 2800 | 5.4 0.081 | 0.86 
1600 | 30.0 x10-* | 0.00020 0.0055 2900 | 9.3 * 0.105 0.91 
1700 | 0.00015 0.00044 0.012 3000 | 16.2 0.13 =| 0.94 
1800 ' 0.00066 0.00093 0.025 3100 | 26.0 0.17 | 0.96 
1900 , 0.0025 0.0018 0.049 3200 | 42.0 0.21 0.98 
2000 | 0.0083 0.0033 0.087 3300 | 63.0 0.25 | 0,985 
2100 | 0.024 0.0056 0.143 3400 | 93.0 | 0.29 | 0.989 
2200 ' 0.065 0.0092 0.224 3500 |138 | 8400.34 =| — (0,993 
2300 | 0.16 0.0145 0.328 4000 |710 0.61 0.999 
2400 | 0.36 0.0216 0.447 
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corresponding degree of dissociation at atmospheric pressure and at 1 mm 
pressure were calculated by solving the equation: 


x*/(1—x) = K/P (66) 
where x is the degree of dissociation and is equal to 
x= p,/P. (67) 


The results of these calculations are given in the third and fourth columns 
of Table XV. 


9. Test of the Theory 


By examining Equations 31 to 34, we see that, by a knowledge of the values 
of K, q, Ta, B, C, and E, we should be able to calculate W, for any tempera- 
ture and pressure. By comparing the results of these calculations with the obser- 
vations (Table III), we are enabled to test the validity of the assumptions made. 

Before making such calculations it is necessary to determine the numerical 
value of the coefficient B. We have already seen that the maximum value of 
Wy, which we have denoted by W,4, is not subject to error through the uncer- 
tainty in the actual pressures within the bulb. Equation 44 is therefore partic- 
ularly well adapted for the calculation of B. 

By substituting the values of W,,,, from Table VIII in Equation 44, 
together with the corresponding values of K and E and solving the resulting 
equations for B, the average result is found to be 

B = 0.23/T,. (68) 


As a test of the theory from which (44) was derived, we may now employ 
this value of B to calculate W,,, and by Equation 45 to calculate P’, using 
the values of K from Table XV and the values of E given by (54). For these 
calculations T, was taken equal to T,, since the pressures at which W, reaches 
a maximum are so high that this must be approximately true. Moreover, the 
value of W,4, is only dependent on T, to a very slight degree. 











Taste XVI 
a Wrax j P’ 
Calculated | Observed Calculated | Observed 
2000 1.36 14 | 43 | os 
2200 3.85 | 4.0 48 | 50 
2400 8.62 8.9 | 54 50 
2600 17.6 16.7 63 50 
2800 30.4 | 30.0 76 50 
3000 48.3 48.0 =! 94 50 
3200 69.4 75.0 120 100 
3400 92.5 i 117.0 152 | 100 











The calculated values of W,.., and P’ thus obtained are placed in Table XVI 
side by side with the experimentally found figures. 


Google 


The Dissociation of Hydrogen into Atoms. II 143 


The agreement in the values of W,,,, is surprisingly good, especially when 
it is remembered that the values of K and E, which were used in the calcula- 
tion, were obtained solely from the experiments at low pressures. The closeness 
of the agreement over such a wide range of temperature is strong evidence of 
the correctness of the value of q that was adopted in calculating K. 

The discrepancy at the highest temperatures may be explained, I think, 
as being due to experimental errors caused by electrical leakage through the 
gas. This effect was noticed strongly at the highest temperatures in the experi- 
ment at 4.4 mm pressure. In this case the discharge through the gas entirely 
prevented measurements above about 2800°, since the voltage actually decreased 
as the current was raised. Since the resistance was observed in all cases it was 
possible to show that this effect was not very serious in the other experiments. 
It is possible, however, that this effect in an incipient stage may have slightly 
increased the values of W, at the highest temperatures, at pressures below 
200 mm. 

In future experiments this effect could be avoided by using wires of larger 
diameter so that the potential drop along the wire would be insufficient to 
ionize the gas. 

The agreement between the calculated and observed values of P’ in Table 
XVI is also satisfactory. The calculated gradual increase in P’ with increasing 
temperature is in full accord with the observations. 

It must be remembered that the observed pressures were those at which 
the bulbs were sealed off and that the actual pressures in the bulbs while the 
filaments were heated must have been much higher. The fact that the calcu- 
lated values are larger than the observed therefore adds support to the theory. 

The value of B obtained above, (68), enables us to calculate the diffusion 
coefficient D by Equation 32. The shape factor S which is involved in this 
equation may be calculated from (7), taking d = 0.00706 cm and 6 = 3.7 cm 
(see Table V). This gives S = 1.01. By substituting this in (32), together with 
9, = 42,000 and the value of B from (68), we find 

D, = 9.6 cm? per sec. (69) 


This is the value of the diffusion coefficient at 0°C as obtained by extrapo- 
lation downwards from high temperatures by Equation 29. At higher tempera- 
tures and at atmospheric pressure, we thus obtain from the same equation, 
together with (69): 





D = 2.14 10-°T (70) 
In the “paper of 1912” D was calculated to be equal to 
0.514 x 10-°T*: 
= 71 
D 1+77/T eA) 


This result was obtained, according to the kinetic theory, on the assumption 
that the free path of hydrogen atoms and hydrogen molecules are the same. 
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At high temperatures the second term in the denominator of (71) becomes 
negligible and we thus see that the present results show that the diffusion 
coefficient of hydrogen atoms through molecular hydrogen is 4.2 times as 
great as had been previously calculated. 

A very thorough test of the theory is afforded by a comparison of the values 
of W, calculated according to the theory, with those determined experimen- 
tally. In Tables XVII and XVIII the observed and calculated values have been 

Taste XVII 
Comparison of Observed and Calculated Values of W, 


Low Pressures 
































| P = 0.015 mm | P = 0.039mm | P = 0.207mm | P=11mm | P=4.4mm 
T, °. Wo 2H Wo : Wo H Wp | Wo 

» Obs. | Cal | Obs. | Cal. | Obs. | Cal. | Obs. | Cal. | Obs. | Cal. 
1800 | 0.007 | 0.022 | 0.019{ 0.037 | 0.068| 0.083 | 0.11 | 0.17 | 0.22 | 0.24 
2000 | 0.025 | 0.066 | 0.09 | 0.116 | 0.27 | 0.27 | 0.54 | 058 | O71 | 085 
2200 ; 0.085! 0.124 | 0.20 | 0.25 | 0.65 | 0.64 | 145 | 1.44 | 210 | 2.31 
2400 | 0.139 | 0.162 | 0.35 | 0.38 | 1.17 | 142 | 3.13 | 282 | 4.95 | 4.95 
2600 | 0.179| 0.176 | 045 | 0.44 | 1.71 | 1.49 | 5.00 | 44 | 98 9.0 
2800 | 0.180! 0.179 | 0.47 | 046 | 1.85 | 1.69 | 6.4 5.8 | oe. | 





Taste XVIII. 
Comparison of Observed and Calculated Values of Wy 


Higher Pressures 














7, P= 10mm pP=25 | P=5SO P=100 | P=200 | P=750 

- | Obs. | Cal. | Obs. | Cal. { Obs. | Cal. | Obs. | Cal. | Obs. | Cal. | Obs. | Cal. 
1800. ... ; 0.31] 041! 038° ...] 0.38/ 0.33! 0.35) 0.23| 0.28] 0.19! 0.17 
2000 | 1.0 ' 1.02 1.3 | 1.35) 14 | 1.3 | 0.67| 1.04] 0.64] 0.62 


13 | see 
2200) 2.7 | 28 4 3.6! 40! 38 | 28] 3.5 | 1.70) 298] 18 | 18 
7A 


2400} 5.8 | 6.1 | 7. si! 89) 37] 65] 82] 40] 71 | 42 | 44 
11.2 | 13.5 





2600 | 10.8 ' 15.4 | 16.7 | 17.2 | 12.5 | 16.7 9.0 | 14.6 | 8.8 9.2 
2800 | 19.3 | 17.2 | 24.0 | 25.2, 30.0 | 29.7 | 25.0 | 30.0 | 20.0 | 27.0 | 17.0 | 17.3 
3000 ; 30.0 | 23.0 | 38.6 | 37.0; 48.0] 45.5 | 45.0 | 48.5 , 40.0 | 44.9 | 29.0 | 30.0 


3200 46.0 | 26.5 | 58.0 47.2 | 74.0 | 62.0 | 75.0 69.3 | 68.0 | 67.0 | 47 47.5 
3400 | ... | 29.0 ern 54.0 | 107 75.5 |117 90.3 | 97.0 | 91.0 | 69 70.7 





























placed side by side. The “observed” values are taken directly from Table III 
of Part I. The calculated values were obtained by solving Equation 43 for Wp 
after substituting it in the numerical values of K, F, T, and T;,. 

For this purpose the values of K were taken from Table XV, which was 
obtained directly from Equation 65. At 0.015 and 0.039 mm pressure T, was 
taken to be 300°K, whereas at pressures from 0.207 to 4.4 mm the values of 
T, used in the calculations were those given in Tables IX, XI and XII. At 
pressures of 10 mm and more, T, was taken equal to T,. The coefficient F 
was calculated for each temperature and pressure by substituting the values 
of B and E from (68) and (54) into Equation 42. 
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The values of W, have thus been calculated directly from the dissociation 
constant, the diffusion coefficient, and the coefficients a, and a,. An exami- 
nation of Tables XVII and XVIII shows that the agreement is on the whole 
excellent; so good, in fact, that it would seem to show not only that we are 
dealing with a real dissociation of hydrogen into atoms, but that our theory 
of the mechanism of the process is substantially correct. 


10. General Discussion 


The theory which has been used in the present paper was only developed 
after several attempts had been made to calculate the degree of dissociation 
by other methods. Each of these other methods, however, seemed to lead to 
conclusions which could only be reconciled with the experimental data by 
making many improbable and arbitrary assumptions. These difficulties disap- 
pear, however, when we adopt the present theory of the mechanism of the 
reaction. A brief discussion of the unsuccessful hypotheses will enable us to 
see that they are untenable. 

In attempting to analyze the probable mechanism of the reaction, three 
possibilities suggest themselves: 

1, The dissociation occurs in the heated gas around the wire. 

2. The dissociation occurs on the surface of the wire by the impact of the 
molecules and atoms against the surface. 

3. The dissociation occurs in the wire or in a surface layer where equilib- 
rium prevails. 

The first hypothesis assumes that the tungsten does not act catalytically 
on the reaction, and is therefore in itself very improbable. Moreover, it leads 
to conclusions irreconcilable with the experiments at low pressures, where, 
in a sense, there is no heated gas around the wire. 

The second hypothesis seemed at first sight to have much in its favor, and 
by its aid it was possible to estimate an upper and lower limit to the degree of 
dissociation. 

Whatever the mechanism of the reaction on, or in, the wire, it was possible 
to analyze the process as follows: 

Let e, represent, out of all the hydrogen molecules which strike the wire, 
that fraction which becomes dissociated into atoms. Similarly, €, represents, 
out of all the atoms that strike the wire, that fraction which recombines to 
form molecules. We may consider that the reaction actually observed is simply 
the difference between these opposite reactions. It is clear that neither ¢, nor 
€, can ever exceed unity. 

For further progress, it is necessary to make some assumptions regarding 
these coefficients. It is evident that either ¢, or ¢, or both must vary with the 
temperature. The simplest assumption is that they are independent of the 
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pressure. By applying Equation 5 we then readily find that the condition for 
equilibrium is 
Pi = V2 (€e/€1) ps - 

Since ¢, cannot exceed unity, this gives us a lower limit for the degree of 
dissociation, provided we can estimate €,. By assuming a value for the heat 
of reaction it is possible to calculate e, from W> by an equation similar to (16). 
In this way it was concluded that the degree of dissociation at 3200°K and 
atmospheric pressure must exceed 5%.! 

In order, however, to account for the manner in which W, had been ob- 
served to vary with temperature and pressure, it was necessary that €, should 
increase with the temperature up to a limiting value of 0.68, but at the same 
time should decrease in a complicated way as the pressure increased. Similarly, 
€, would have to increase with the pressure and decrease with increasing tem- 
perature. This theory gave no clue as to the cause of the variations of €, and €,. 

The fact that e, and e, were found to be such complicated functions of both 
temperature and pressure suggested the third hypothesis; namely, that the 
reaction does not occur at the surface, but that there is an actual equilibrium 
in the wire which determines the velocity of the reaction. This view was strength- 
ened by the fact that {e, and ¢, varied with the temperature and pressure in 
the way that would be expected of the partial pressures of two gases in equilib- 
rium. 

On the basis of the third hypothesis, the coefficients €, and e€, lose their 
fundamental significance, while the coefficients a, and a, take their place. The 
fact that the latter coefficients prove to be constant and practically equal to 
unity over such wide ranges of temperature and pressure is excellent evidence 
that, in the present theory, we are dealing with the factors that fundamentally 
determine the velocity of the reaction. 

By means of our present theory we are enabled to calculate ¢, and e, at any 
temperature and pressure. 

Let us consider the case that hydrogen molecules at pressure p, strike 
the wire, but that the hydrogen atoms formed do not again return to the wire. 
Then em, represents the rate of formation of atomic hydrogen. This, how- 
ever, is equal to the quantity we have called w (see Equation 17): thus, 


W, = €,M,. : (72) 


Substituting this, together with the value of m, (by Equation 5) in (26), 
we obtain, after placing a, = y2a, = 1 


T, 2p. 
K=7/ ~—*3.. 73 
Vr 1—)/2e, (73) 


» Table XV gives 21°/,. 
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This equation shows clearly that at low temperatures, where K is small, 
€, is inversely proportional to y/p,, whereas at higher temperatures it ap- 
proaches a limiting value of 0.71. Thus the variation of e, with the temperature 
and pressure which it was necessary to assume when working with the second 
hypothesis, receives a complete explanation by the third hypothesis. 

In a similar way, the value of ¢, may be calculated for the case that the 
wire is surrounded by atomic hydrogen, while the partial pressure of molec- 
ular hydrogen is zero. In this case 


@, = —€\m, (74) 
and we thus find, from (26) 
K= pa Ue siP (75) 
a 1 


This shows that at low temperatures ¢, must be constant and equal to unity, 
whereas at high temperatures it decreases and becomes proportional to the 
pressure. Thus again, the third hypothesis offers a simple explanation of the 
difficulty encountered in applying the second hypothesis. 

It is evident that e, and e€, completely lose their significance when both 
hydrogen molecules and atoms are present around the wire. We cannot prof- 
itably look upon the reaction as being the difference between two opposing 
reactions taking place upon the surface. 

In fact, the velocity of the reaction does not follow Gulberg and Waage’s 
Mass Law in the ordinary sense. Neither do diffusion phenomena (at leas 
at low pressures) seem to have any effect on the reaction velocity. The veloc- 
ity is determined simply by the rate at which the molecules and atoms strike 
the surface of the wire and the equilibrium concentrations of atomic and molec- 
ular hydrogen within the wire. 

Effect of Bulb Temperature.— In studying chemical reactions at low pres- 
sures it has been pointed out! that the temperature of the filament and that 
of the gas molecules striking it can be varied independently of one another. 
By changing the bulb temperature, the velocity (and internal energy) of the 
hydrogen molecules striking the filament can be varied over a wide range. 
If the reaction takes place entirely on the surface in accordance with the second 
hypothesis, we should expect that the relative velocities of the hydrogen mole- 
cules and the tungsten atoms with which they collide, would determine the 
velocity of the reaction. Because of the small mass of the hydrogen molecules 
it happens that the average velocity of hydrogen molecules at room tempera- 
ture or even liquid air temperatures, is much greater than that of tungsten 
atoms at 3500°. Therefore, the amount of impact between the hydrogen mole- 
cules and tungsten atoms depends vastly more on the bulb temperature than 


* Langmuir, J. Am. Chem. Soc. 35, 105 (1913). 
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it does on the temperature of the filament. In case the impact determines the 
reaction velocity, we see that the latter should be greatly affected by bulb 
temperature. 

On the other hand, if the reaction takes place in the metal in accord with 
the third hypothesis, we should not expect the bulb temperature to materially 
affect the velocity of the reaction. It is to be expected, however, that the bulb 
temperature might have a slight effect on the coefficient a, and thus slightly 
change the velocity of the reaction. 

Some experiments were undertaken to determine whether cooling the 
bulb in liquid air had any effect on the values of W, obtained at low pressures 
(from 0.01 to 0.1 mm). The results showed conclusively that the bulb temper- 
ature was without material effect on the velocity of the reaction. This fact 
affords additional evidence that the velocity depends primarily on some equilib- 
rium condition within the surface of the wire. 


Specific Heat of Hydrogen at High Temperatures. When hydrogen is 
heated to a temperature at which appreciable dissociation occurs, the heat 
absorbed by the reaction may be very large compared with that which would 
be required if there were no dissociation. We should therefore expect a very 
large increase in the apparent specific heat of hydrogen at very high tempera- 
tures. In Part I we have already briefly discussed Pier and Bjerrum’s experi- 
ments on the specific heat of hydrogen by the explosion method. We saw that 
the earlier calculations of the dissociation of hydrogen (paper of 1912) led to 
apparent specific heats too high to reconcile with the results of the explosion 
method, unless we assumed that equilibrium was not reached during the 
short period of the explosion. 

In order to compare our present results with the data of the explosion 
method, we shall calculate the increase in apparent specific heat caused by the 
dissociation as given in Table XV. 

If we heat a gram molecule of hydrogen from 0°K to T, the number of 
gram molecules of hydrogen dissociated will be x/(2—x) where x is the degree 
of dissociation at the temperature T, x being expressed in terms of partial 
pressures according to (67). 

The heat absorbed by this dissociation will be 


92 x/(2—x). 


In comparison with this we may neglect the increase in specific heat due 
to the difference in the specific heat of the molecular hydrogen and that of 
the atomic hydrogen formed (2x 2.98). 

Pier! gives for the mean specific heat of hydrogen from room temperature 
up to t°C. : 

C, = 4.70+0.00045¢ 


1 Z, Elektrochem. 15, 536 (1909). 
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or in absolute temperatures 
C, = 4.578-+0.00045T 
The dissociation at higher temperatures would cause an increase in this 
mean specific heat amounting to 
a Rs 5 
T—273 (2—x)° 
In Table XIX are given the mean specific heats for a few temperatures, 
as calculated from Pier’s formula, together with those calculated by taking 
into account the increase due to dissociation. For this calculation the values 
of x were taken from Table XV and q, was taken to be 84,000 calories. 











Taste XIX 
Cy Apparent Cy | 

T Pier (considering dissociation) | Ratio 
1600 5.30 5.306 1.0012 
1800 5.39 5.41 1.0047 
2000 5.48 5.56 | 1.015 
2200 5.57 5.77 | 1.036 
2400 5.66 6.09 1.078 
2600 5.75 6.56 1.14 
2800 5.84 7.25 1.24 
3000 5.93 8.09 1.36 
3200 6.02 9.40 | 1.56 











Siegel, in a recent paper,’ discusses in detail the errors of the explosion 
method. He points out that, owing to a faulty method of calculation, the tem- 
peratures given by Bjerrum are considerably too high, in some cases as much 
as 400°. He then shows that Bjerrum’s experiments exhibit certain discrep- 
ancies which could be readily explained by assuming a dissociation of the 
hydrogen. He then says (pages 649-50): 


“In order to reconcile Langmuir’s results with those of the explosion method, one must assume 
that in the calculations thus far, the capacity of the system (in the explosion chamber), that is, 
Cuso +MCyz, has been taken about 30% too high. 

“Such an assumption......is impossible. However, if we take for the heat of dissociation of 
hydrogen, the value 140,000 calories instead of the 131,000 calories given by Langmuir, we then 
find by the Nernst approximation formula: 


log K = Q/4.57T + Ey. 1.75 log T+ ZvC 


that at 2850° and atmospheric pressure the dissociation is about 11%, which is the value given 
by Langmuir for 2700°. With this assumption it can be shown that the heat capacity of the system 
at 2850° would be 13% less than previously taken. This result is no longer irreconcilable with 
the other results of the explosion method. However, I am of the opinion that the heat of disso- 
ciation of hydrogen should be at least 150,000 calories. On the other hand, it should be emphasiz- 
ed that from my experiments it is not possible to determine with certainty whether or not hydro- 
gen is dissociated at all. And — what is here very significant — by the assumption of such a disso- 


1 Z. phys. Chem. 87, 641 (1914). 
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ciation, the observed anomalies in the heat losses do not find a sufficient explanation, for the anom- 
alies also occur even at temperatures as low as 2300—2400°, where surely the dissociation of 
hydrogen can play no part.” 

Thus, according to Siegel, a dissociation as large as 11% at 2850° can be 
reconciled with the explosion experiments. If we refer to Table XV we see 
that we have found the dissociation at 2850° to be 9.2% at atmospheric pressure. 
This should be ample to account for the anomalies found by Siegel. 

Siégel’s objection that the dissociation of hydrogen could not account 
for the discrepancies observed at 2300-2400°, fails to apply to the present 
results. Siegel does not state his reasons for believing that the heat of disso- 
ciation is at least 150,000 calories. Such a high value is at complete variance 
with all the experiments described in the present paper. With the value 84,000 
calories which we have adopted, the dissociation does not fall off nearly so 
rapidly at lower temperatures. This is readily seen from the following table: 


Siegel Langmuir 
q = 150,000 q = 84,000 
om 
T x AC/C x AC/C 
2850 0.11 13.0% 0.092 11.0% 
2300 0.0049 0.9% 0.014 2.6% 


The figures in the second column represent the degree of dissociation 
calculated from Siegel’s data, while those in the fourth column are taken from 
Table XV. The third and fifth columns give the increase in the “heat capacity 
of the system” H,O+MH,j referred to by Siegel. Thus, Siegel calculates 
that 11% dissociation at 2850° would increase the capacity by 13%. The other 
figures were obtained from this by proportion, taking into account, however, 
the effect of the temperature as was done in the preparation of Table XIX. 

Thus, on Siegel’s assumption of a high heat of dissociation, the effect of 
the dissociation is to increase the heat capacity at 2850° by 13%, but only by 
0.9% at 2300°. It is evidently for this reason that he says that “surely the 
dissociation can play no part” at such low temperatures as 2300°. 

Taking the value for the dissociation as calculated in the present paper, 
we find that the heat capacity would be increased 11% at 2850 and 2.6% 
at 2300°, an amount probably sufficient to account for the anomalies found 
by Siegel. 

Thus, the explosion method gives additional evidence for the dissociation 
of hydrogen and confirms the substantial accuracy of the results. 


11. Rate of Formation of Active Hydrogen 


It has been shown! that the disappearance of hydrogen in contact with 
a heated filament is caused by the deposition of atomic hydrogen on the bulb. 
The present theory enables us to calculate the rate at which atomic hydro- 


19. Am. Chem. Soc. 34, 1310 (1912). 
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gen should be formed in contact with a tungsten wire. The rate at which atomic 
hydrogen is deposited on the bulb should naturally be less than that at which 
it is formed by the wire. 

In the paper referred to, it was stated that the disappearance of hydrogen 
“‘was often quite marked when the wire was at a temperature as low as 1300°K,” 
but very few quantitative data at such low temperatures were given. By looking 
through the original notes of these experiments, I find that at low tempera- 
tures the highest rates of disappearance were as follows: 

Experiment 160. Filament temperature 1200°K. In seven minutes the 
pressure fell from 16.4 to 15.6 microns, although at 1100°K no decrease in 
pressure could be observed. The surface of the filament was 0.15 sq. cm. The 
rate of disappearance was 1.4 cu. mm of H, per minute per sq. cm of surface. 

Experiment 173. With the filament at 1270° the pressure decreased from 
16.2 to 15.0 microns in three minutes. The surface of the filament was the 
same as before. This corresponds to a rate of 3.7 cu. mm per minute per sq. cm. 

In each case the hydrogen continued to disappear at a gradually decreas- 
ing rate for a half-hour or more. Because of this fatigue effect we shall here 
consider only the initial rates. 

Let us now calculate the rate at which atomic hydrogen should have been 
produced by wires at these temperatures. In Equation 26 we may place p, 
= 0; p, = P and may neglect the second term of the denominator at these 
low pressures and temperatures. Since the factor /2xR is equal to 17.15 and 
a, is unity, we thus obtain 


K = 325: /T,T,w?/P. (76) 
In this equation w is the rate of dissociation of hydrogen in grams per second 


per sq. cm of filament surface. Let R be the rate of dissociation of molecular 
hydrogen in cu. mm per sq. cm per minute. We then have 


R = 7.2x 108 (77) 
whence from (76), by placing T, = 300 
R = 9.6x 10° KPT (78) 


Substituting in this the values of K from Table XV and taking the values 
of P and T given above, we obtain the values given below as “R calc.” For 
comparison these are placed side by side with those found by experiment. 


T R calc. R obs. 
Expt. 160 1200 9.8 1.4 
Expt. 173 1270 27.4 3.7 


These results indicate that under the most favorable conditions realized 
in the experiment, only about one-seventh of the hydrogen dissociated was 
deposited as “‘active hydrogen” on the bulb. In the great majority of cases 
the fatigue effect made the observed rate of clean-up much slower. 
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The fact that the observed rates are less than the calculated, yet of the 
same order of magnitude, is a satisfactory confirmation of the theory that 
the disappearance and activation of hydrogen are caysed by its dissociation 
into atoms. 

There is thus quantitative evidence of the dissociation of hydrogen over 
the whole range of temperature from 1200° to 3500°. The substantial agree- 
ment of the calculated and observed results over such a wide range proves 
that the value we have found for the heat of dissociation, namely, 84,000 cal- 
ories, cannot be far from correct.? 


12. Experiments with Mixtures of Hydrogen and Nitrogen 


Some experiments have been made to determine the heat losses from tung- 
sten wires in mixtures of nitrogen and hydrogen. The wire was the same as 
that previously used in the experiments with hydrogen. The bulbs, after being 
exhausted in the usual way, were filled with the mixture of gases, the total 
pressure in each case being 600 mm. Mixtures containing 1.25, 3.0, 10.0 and 
30% of hydrogen were used. The results given in Table XX were obtained 
by subtracting from the observed watts per centimeter, the energy radiated 
(W,). These figures are directly comparable with those given in Table I of 
Part I. 




















TaBLe XX 
Diam. of wire 0.00706 cm Total pressure 600 mm 

Watts per cm carried by mixture We We 

7 in Ny in H, 

T Wr | Po= 7.5mm | Pp = 18 mm| y= 60 mm | py = 180 mm S=1.36 | S=1.18 

1800 | 0.38] 145 | 152 | 206 | ... | 140 | 74 
2000 | 0.65 1.75 185 | 2.40 aie 170 | 9.0 
2200 1.06 | 2.10 2.30 2.86 4.5 2.02 10.7 
2400 1.60 2.60 | 2.95 3.70 5.8 2.36 12.6 
2600 2.33 3.35 | 3.70 4.92 7.9 2.75 14.5 
2800 3.30 4.23 | 4.70 6.78 11.4 3.14 16.8 
3000 4.46 5.15 6.20 9.30 Any 3.58 19.1 











To obtain the heat carried from the wire by the dissociation, it is neces- 
sary to subtract W,. In the last two columns of Table XX are the calculat- 
ed values of W, for pure nitrogen and hydrogen at pressures of 600 mm. 
These are obtained by multiplying S by the values of .—¢, given in Tables III 
and IV. For the mixture of hydrogen and nitrogen W, was found by inter- 
polating linearly between the values calculated for the pure gases. By subtract- 
ing these results from the watts per cm of Table XX the values of W, given 
in Table XXI as ‘‘cal.” were obtained. The smallness of the differences at 


1 For example, it now becomes impossible to reconcile our experiments with the value g, = 
63,000 calculated according to the method of Bohr, Phil. Mag. 26, 863 (1913); 27, 188 (1914). 
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lower temperatures shows that the heat carried by convection in mixtures 
of gases is approximately an additive function of the partial pressures (the 
total pressure remaining constant). 














Taste XXI 
Observed and Calculated Values of W, 

Po = 7.5mm Po=18mm | f= 60mm | _—_ py = 180 mm 
T | Obs. | Cal. Obs. | Cal. | Obs. | Cal. | Obs. | Cal. 
1800 | -0o01; ... —0.03 : +0.08 wie | | 
2000 | +0.06 | 0.03 | —0.05 | 0.04 0.00 | 0.08 isn -liu 22,4 
2200 0.00 | 0.08 | +005 | 0.13 0.00 | 0.24 -01 | 04 
2400 | +015 j; 0.20 | +033 | 0.32 0.36 | 0.60 +04 1.0 
2600 045 | 0.41 0.60 | 0.65 1.00 | 1.23 1.6 2.2 
2800 0.93 | 0.72 1.18 | 1.20 2.30 | 2.30 42 | 42 
3000 1.37 | 1.10 2.20 | 1.92 4.18 | 3.96 rae | 





To calculate the values of W, for mixtures of gases according to our theory 
we need to start from Equation 27. From this we can eliminate p, and p, as 
before, by means of Equation 30. The significance of P and p,, however, is 
now somewhat different, so we must proceed from this point in a slightly 
different way. In Equation 30, P is the total pressure, and p, the partial 
pressure of atomic hydrogen. We then have 


Pa = Po—"!2f1 (79) 
where p, is the partial pressure of molecular hydrogen before dissociation 
occurs and , is the partial pressure of molecular hydrogen after dissociation. 

In the present case we may place T, = T,; P = 600, S = 1.34, and q, = 
42,000. From (30) we thus find 


p: = 946W,|(D,T). (80) 
Combining (79) and (80) with (27), we find 
_W3(946/D,V T+E)? (81) 








Po—W, (473/D,V T+E) 
where E is given by (34). 
By trial it was found that (81) gives the best agreement between the ob- 
served and calculated values of W, if D, is placed equal to 2.5. 
Calculating E by (54) it is evident that E is negligible compared to 473/2.5)/T 
over the whole range of temperatures covered by the experiments. Equation 
81 thus simplifies to 


Kp.T / 190 
Wp = xy “_ Wp. 82 
2 V ain PVT > “ 


This quadratic equation can be conveniently solved for Wp by using 
a series of approximations, since the second radical is always close to unity. 








Google NIVERSITY OF CA 


154 The Dissociation of Hydrogen into Atoms. II 


In this way, by taking K from Table XV, the values of W, for different tem- 
peratures and partial pressures have been calculated. The results are placed 
side by side with the observed values in Table XXI. 

The agreement is entirely satisfactory, considering the crudeness of some 
of the assumptions made. 

The theory receives additional confirmation through the fact that the ob- 
served values of W, increase in proportion to the square root of the partial 
pressure as demanded by the theory, whereas at lower temperatures the ob- 
served values of W, increase linearly with the partial pressure. 

From the value of D, we may conclude by (29) that the diffusion coeffi- 
cient of hydrogen atoms through nitrogen at high temperatures and atmospheric 
pressure is 

D = 2.5(T,/273)'*. (83) 

Comparing this with (69) we see that the ratio of the diffusion coefficient 
of hydrogen atoms through hydrogen to that through nitrogen is 9.6/2.5 = 
3.84. 

If we calculate the free path of hydrogen atoms through nitrogen according 
to the principles of the kinetic theory, using Equations 20 and 21 on page 
865 of the “paper of 1912,” we obtain 

Dea. = 2.16(T/273)". (84) 

This agrees well with the diffusion coefficient calculated from the experi- 
ments (Equation 83). We have previously remarked that the observed rate of 
diffusion of hydrogen atoms through molecular hydrogen was found to be 
4.2 times greater than that calculated. Evidently hydrogen atoms behave 
abnormally when diffusing through molecular hydrogen, but not when diffusing 
' through nitrogen. This is probably caused by the hydrogen atoms going, 
we might say, through the hydrogen molecules by combining with one atom 
in a molecule with which it collides and thus liberating the other. This effect 
is probably entirely analogous to the abnormal mobility of the H and OH 
ions in aqueous solutions. 


13. Summary 

1. Previous calculations of the degree of dissociation of hydrogen, from 
experiments on the heat losses from tungsten wires in hydrogen, conflicted 
rather seriously with Bjerrum’s determinations of the specific heat of hydro- 
gen by the explosion method. The weak point in the method of calculation 
was a rather arbitrary assumption regarding the diffusion coefficient of atomic 
hydrogen through ordinary hydrogen. 

2. This apparent discrepancy suggested that the actual amount of disso- 
ciation might be somewhat less than that previously calculated, but did not 
indicate that the abnormal heat conductivity of hydrogen at high tempera- 
tures was not due to dissociation. 
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3. The qualitative evidence of such a dissociation seems conclusive. Thus, 
not only does hydrogen show an entirely abnormal increase in heat conductiv- 
ity, but this heat conductivity actually increases as the pressure is lowered. 

A large amount of chemical evidence has also been accumulated. If hydro- 
gen at low pressures comes into contact with metallic wires at temperatures 
above 1300°K, part of the hydrogen is converted into an active modification 
which remains adsorbed on glass surfaces for long periods of time. This 
active hydrogen can react at room temperature with oxygen or with many 
reducible substances, or can dissolve in metals such as platinum. There are 
good reasons for thinking that this active a le is hydrogen in the 
atomic condition. 

4. A series of experiments were made to measure, more accurately than 
hitherto, the heat losses from a tungsten wire at temperatures from 800° to 
3500°K and at pressures of hydrogen ranging from 0.01 mm up to atmospheric 
pressure. Similar experiments were made with nitrogen. 

5. At temperatures below that at which dissociation occurs the heat loss 
from the wires decreases steadily as the pressure is lowered. Only at pressures 
above 200 mm do convection currents play any important part. Below this 
pressure the decrease in the heat loss is due to the temperature discontinuity, 
first observed by Smoluchowski. The theory of this effect is developed for 
the case of small wires at very high temperatures and the results are found 
to be in good agreement with the experiments. 

6. The normal heat conductivity is separated from the abnormal effect 
due to dissociation, and a table is prepared (Table III) giving the heat car- 
ried from the wire by the dissociation, at various temperatures and pressures. 
With nitrogen there is no abnormal increase in heat loss at high temperatures. 

7. The following theory of the phenomena occurring in and around the 
wire is proposed: 

The dissociation of the hydrogen does not occur in the space around the 
wire, nor by the impact of molecules against its surface, but takes place only 
among the hydrogen molecules which have been absorbed (dissolved?) by the 
metal of the wire. Within the metal the reaction occurs so rapidly that equilib- 
rium may be assumed to prevail at all times. 

The equilibrium constant within the metal may, however, be very differ- 
ent from that in the gas phase. 

It is assumed that there is no “adsorption film” on the surface of the wire 
through which the hydrogen has to diffuse, but that the absorption takes 
place by the collision of the molecules (or atoms) against the surface of the 
wire. A certain proportion of the molecules striking the surface may be reflect- 
ed without absorption. Thus, of all the hydrogen molecules striking against 
the surface, we assume that a certain fraction a, is absorbed, while the frac- 
tion 1—a, is reflected. Similarly, of all the hydrogen atoms striking the surface, 
the fraction a, is absorbed. 
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In general, the partial pressures of atomic hydrogen in the gas immediately 
surrounding the wire will not be that corresponding to the equilibrium at 
the temperature of the wire. The difference between these two partial pressures 
may be looked upon as a “‘drop in concentration” at the surface of the wire 
strictly analogous to Smoluchowski’s ‘‘temperature drop” in the case of heat 
conduction and to Kundt and Warburg’s “‘slip” in the case of experiments 
on the viscosity of gases. 

The partial pressure of atomic hydrogen immediately around the wire 
depends on: Ist, the rate at which atomic hydrogen escapes from the wire; 
2nd, the rate at which atomic hydrogen is absorbed by the wire; and 3rd, the 
rate at which it can diffuse away from the wire. 

8. From the viewpoint of this theory it has been possible, by thermody- 
namical reasoning, to develop a quantitative theory by which the dissociation 
constant K (in the gas phase) may be calculated in terms of W, the heat car- 
ried from the filament by dissociation; q, the heat of reaction; D the diffusion 
coefficient, and the two coefficients a, and a,. 

The resulting general Equation 31 is of the form (neglecting constant 
factors) 

(W/9)*(P/D+1/a;)* 
P—(W/q)(P/D+ 1/22) 








where P is the total pressure. 

9. By comparing this equation with the experimental data, it is found 
possible to so choose the quantities K, g, D, a, and a, that the resulting equa- 
tion agrees excellently with the experiments at all temperatures and pressures. 
At the same time, the values of K conform to the thermodynamical require- 
ment given by van’t Hoff’s equation 


din K/dT = g/RT®. 


The agreement between the theory and the experiments is shown in Tables 
XVII and XVIII, where the observed and calculated values of W are placed 
side by side. 

10. The values of the quantities K, g, D, a, and a, which were used in 
these calculations, and which were found to give the best agreement between 
experiment and theory, are as follows: 

Dissociation Constant K.— Let us define the dissociation constant K by 
the equation: 


K = pile (22) 


pi and p, being the partial pressures (in mm) of atomic and molecular hydro- 
gen, respectively. Then it is found that 


logig K = 7.77—19,700/T. (65) 
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Values of K calculated from this equation for temperatures from 1200 
to 4000° have been given in Table XV, together with the corresponding degrees 
of dissociation at pressures of 760 mm and 1 mm. The following is a compari- 
son of these results with those obtained previously (in the year 1912): 


Degree of Dissociation at 760 mm 


Temp. °K 2000 2300 2500 3100 3500 
Results in 1912 0.0013 0.012 0.039 0.44 0.84 
Results in 1915 0.0033 0.014 0.031 0.17 0.34 


In the range from 2200—2600°, the results are nearly identical, but at 
higher and lower temperatures the differences become large. 


Heat of Formation of Hydrogen Molecules.— By applying van ’t Hoff’s equa- 
tion to the foregoing data, we find the heat of reaction for two grams of hydro- 
gen to be 

84,000 calories at constant volume 
90,000 calories at constant pressure 


In 1912 the value given was 130,000 calories at constant volume. 


Diffusion Coefficient of Atomic Hydrogen in Molecular Hydrogen.— This 
quantity is found to be 


D = 2.14 10°? T%. (70) 


This result is 4.2 times greater than that found previously by calculation from 
the principles of the kinetic theory. This difference suggests that the hydro- 
gen molecules are more or less “transparent” to hydrogen atoms. The effect 
is probably quite analogous to that of the abnormal mobility of the H and 
OH ions in aqueous solutions. 

The Coefficients a, and a,.— The coefficient a, is found to be constant 
and equal to unity, while a, is apparently constant and equal to 0.68. In other 
words, all the hydrogen atoms striking the filament are absorbed by it and 68% 
of all the hydrogen molecules are absorbed. The velocity of the reaction is thus 
determined practically entirely by the equilibrium conditions within the wire. 
The fact that these coefficients are found to be so nearly equal to unity is 
excellent evidence that in the present theory we are actually dealing with the 
fundamental factors determining the velocity of the reaction. 

11. Other possible theories of the mechanism of the reaction are discussed, 
but no other is found which agrees at all well with the facts. 

12. The apparent increase in specific heat caused by the dissociation is 
calculated. Even at temperatures as low as 2000° the effect should be percep- 
tible. The magnitude of the effects found is, according to statements of Seigel, 
of the right order to account fully for certain anomalies in the experiments 
of Bjerrum. Therefore, the results of the explosion method, instead of con- 
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flicting with the present determinations of the degree of dissociation, may 
be regarded as additional evidence in their favor. 

13. The rate at which hydrogen at very low pressures is dissociated by 
a tungsten wire at 1200-1500° has been calculated according to the theory 
and is found to be 8-10 times greater than the greatest observed rate at which 
active hydrogen was deposited on glass surfaces. In view of the marked 
fatigue effects characteristic of this adsorption of active hydrogen by glass, 
the agreement is close enough to lend further support to the theory. The 
quantitative evidence of the dissociation of hydrogen may therefore be said to 
extend over a temperature range from 1200 to 3500°K, in which the degree 
of dissociation increases in the ratio 1 : 170,000. 

14. Experiments on the heat losses from tungsten wires in mixtures of 
nitrogen and hydrogen yield results also in accord with the theory. See Table 
XXI. The diffusion coefficient of hydrogen atoms through nitrogen is found 
to be. 

D = 2.5(T/273)'» 


which is in excellent agreement with a value calculated by the kinetic theory. 
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THE DISSOCIATION OF HYDROGEN INTO ATOMS 


Journal of the American Cheinical Society 
Vol. XXXVIII No. 6, 1145, June (1916). 


Part III. The Mechanism of the Reaction 


In Part II of this paper’ the degree of dissociation of hydrogen into atoms 
has been calculated from data? on the heat losses from highly heated wires 
in hydrogen at various pressures. In this calculation it was necessary to make 
certain assumptions regarding the mechanism of the processes occurring on 
and around the wire. The remarkable agreement between the theory thus 
derived and the experimental results, furnished ample justification for the 
assumptions, but did not necessarily indicate that the particular mechanism 
assumed was the only one which would lead to similar agreement. 

The writer has recently developed a theory® of heterogeneous reactions 
which throws a great deal of light on the mechanism of such reactions. Applied 
to the dissociation of hydrogen around a heated wire, this theory leads to a 
mechanism which may seem radically different from that previously used, 
but curiously enough it results in an equation identical with that obtained by 
the original theory. 

The object of the present paper is to compare the older and the newer 
theories and to point out the advantages of the latter. At the same time this 
will serve as an illustration of the principles of the new theory and will indi- 
cate how it may be of use in the study of other heterogeneous reactions. 

In the theory previously described, it was assumed that the surface of the 
tungsten wire contained atoms and molecules of hydrogen in chemical equilib- 
rium with each other. The atomic and molecular hydrogen escaped from 
the wire at rates respectively proportional to their concentrations in the wire, 
while the absorption of the atoms or molecules by the wire was taken to be 
proportional to the corresponding pressures in the gaseous phase. 


[Evrtor’s Note: This paper appears as part of Chapter Nine of the author’s book, Pheno- 
mena, Atoms and Molecules, Philosophical Library, 1950.] 

1 J. Am. Chem. Soc. 37, 417 (1915). 

* Part I, Langmuir and Mackay, ¥. Am. Chem. Soc. 36, 1708 (1914). 

* This theory has, as yet, been only very briefly described (¥. Am. Chem. Soc. 38, 1139 (1915) 
and 7. Ind. Eng. Chem. 7, 348 (1915); Phys. Rev. 6, 79 (1915)) but will serve as the basis of a series 
of papers to appear in ¥. Am. Chem. Soc. and in the Physical Review. 


[159] 
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This theory led to an equation for the heat loss from the wire which 
proved to be in excellent agreement with experiments extending over a range 
of pressures from 0.01 mm up to 760 mm and a range of temperatures from 
1000 to 3500°K. There are, however, some serious objections that may be raised 
against the assumption that the wire contains concentrations of atomic and 
molecular hydrogen in equilibrium with each other, and that these concen- 
trations determine the rate at which hydrogen is dissociated by the wire. We 
shall see, however, that the new theory enables us to derive the same equation 
without making these objectionable assumptions. 

The hypothesis that solid solutions of gases in metals play an important 
role in chemical reactions in contact with metals is a common one, and usually 
is not looked upon unfavorably. But it is evident that if we are to retain our 
ordinary conception of concentration the reaction must take place in a volume 
which contains many layers of atoms. In the experiments the range of concen- 
trations of molecular (or atomic) hydrogen in the metal phase must have been 
enormous. Thus under some of the experimental conditions the concentrations 
were so small that the individual atoms or molecules of hydrogen were certainly 
separated from each other by hundreds of tungsten atoms. The rapidity of the 
reaction under such conditions could not possibly be very high and would 
be limited by the rate of diffusion of the gas through the metal. 

Yet the experiments showed clearly that the velocity with which equilib- 
rium was reached on the surface was extraordinarily high under all conditions. 
In fact, it was so high that practically all of the hydrogen atoms and 68% of 
the molecules which struck the surface reached equilibrium before leaving 
it again. When we consider that at atmospheric pressure and room tempera- 
ture 1.1 10* molecules of hydrogen strike each square centimeter of surface 
per second, and that this number of molecules is contained in about 44 liters 
of gas, we realize the enormous velocity which this reaction must have. It 
is certainly impossible that such amounts of gas per second could diffuse into 
any kind of solid body and thus be brought to equilibrium. 

These considerations compel us to assume that the reaction occurs directly 
on the surface of the metal.and that it does not involve the diffusion through 
a film even as thin as that of a single layer of atoms. 

A second difficulty arose in connection with the original theory. 

At temperatures up to about 1500°K the accommodation coefficient of 
hydrogen in contact with tungsten was found to be equal to 0.19. In other 
words, only about 19% of all the hydrogen molecules striking the filament, 
reached thermal equilibrium with it before leaving it. This figure was in good 
accord with the value 0.26 obtained by Knudsen with platinum at room tem- 
perature, especially when the fact was taken into account that accommodation 
coefficients in general appear to have slight negative temperature coefficients. 

On the other hand, at high temperatures, it was found that 68% of all the 
hydrogen molecules striking the filament reached chemical equilibrium before 
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leaving it. The original theory gave no clue to the solution of the paradox 
that 68% of the molecules reached chemical equilibrium, while only 19% 
reached thermal equilibrium. It is certainly impossible that molecules should 
reach chemical equilibrium while great differences in temperature still persist. 

The viewpoint which has served as the basis for the new theory was gradually 
developed in quite other lines of work, particularly in connection with a study 
of the effect of gases on the electron emission from heated metals.! It was 
found that the electron emission was dependent on the composition of the 
actual surface layer of atoms. The deeper layers were apparently without 
effect. Subsequent work on gas reactions at very low pressures? indicated 
clearly that chemical reactions between a gas and a solid depend in general 
on the composition or structure of the outside layer of atoms of the solid, rather 
than on the thickness of an adsorbed film through which the gases diffuse. 

This theory has now been developed much more completely than in any 
of the previously published work. 

It is definitely known from the work of Bragg and others that the atoms 
of crystals are arranged according to space lattices in such a way that the iden- 
tity of molecules is usually lost. The forces holding the crystal together are 
thus clearly chemical forces which act probably only between adjacent atoms. 
On the surface of a crystal the forces tend to be chemically unsaturated, and 
atoms or molecules of gases can thus be held firmly by the atoms of the solid.® 
In general the law of multiple combining proportions will apply. Thus each 
metal atom of the surface will be capable of holding a definite integral num- 
ber (such as one or two) of atoms of the gas, or possibly each two atoms of 
metal may hold one atom of gas. The atoms held on the surface in this way 
will form a part of the solid body, being a real continuation of the space lattice 
of the solid. This layer of atoms (or molecules) on the surface may be said to 
be adsorbed.‘ 

The surface of the metal is thus looked upon as a sort of checkerboard 
containing a definite number, N, of spaces per square cm. Each elementary 
space is capable of holding an atom or a definite part of a molecule of ad- 
sorbed gas. The number of elementary spaces, No, is probably usually equal to 
the number of metal atoms on the surface. But this is not essential, for we 
can imagine cases in which each metal atom holds, for example, two ad- 


1 Langmuir, Phys. Rev. 2, 450 (1913); Physik. Z. 15, 516 (1914). 

2 J. Am. Chem. Soc. 37, 1139 (1915). 

» Haber (F. Soc. Chem. Ind. 33, 50 (1914) and Z. Elektrochem. 20, 521 (1914)) has suggested on 
the basis of Bragg’s theory, that adsorption may be the result of unsaturated chemical forces 
at the surface of a solid body. Haber, however, only considers the force causing adsorption and 
does not take into account that the amount of adsorption depends on a kinetic equilibrium be- 
tween the condensation and the evaporation of molecules. 

* In a paper to appear shortly in the Physical Review this theory of adsorption will be develo- 
ped in more detail. Preliminary accounts have already been published in 7. Am. Chem. Soc., and 
in the Phys. Rev. (loc. cit.). 
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sorbed atoms or molecules, so that we should then have twice as many elementary 
spaces as metal atoms on the surface. 

Let us now apply this theory to the dissociation of hydrogen in contact 
with a heated tungsten wire. We will first calculate the rate at which atomic 
hydrogen condenses on the bare surface when atomic hydrogen at a pressure p 


surrounds the wire. 
The number of grams of gas which strikes a sq. cm of surface per second is 


M 
=V/ arr? (1) 


Let u represent the number of gram molecules of gas striking a sq. cm 
per second. Then uw = m/M or 





aoe eee 2 

“= MRT () 

Expressing p in bars,! and placing R = 83.15 x 10° ergs per degree, this 
reduces to 





p= 43.75 x 10-* Tar . (3) 


By applying this equation, we can readily calculate the rate at which 
atomic hydrogen (M = 1) comes into contact with each square centimeter of 
surface. The rate at which the gas condenses to form a layer (one atom deep) 
on the surface will be less than the rate at which it strikes the surface for two 
reasons. In the first place, only a fraction a of the atoms which strike the bare 
surface condenses, while the fraction 1 — a is reflected. Secondly, as the sur- 
face becomes covered with hydrogen atoms, many atoms will strike portions 
of the surface already covered.* Let @ represent the ratio of the number of 
vacant elementary spaces to the total number of spaces N,. Thus 6 is the frac- 
tion of the surface which is bare. The rate at which atomic hydrogen condens- 
es on the surface is thus equal to a@yu. 

Consider the case of hydrogen molecules condensing on the surface. If 
each hydrogen molecule occupies only one elementary space, then the rate 
of condensation will still be given by the product? fu. 

If, on the other hand, each hydrogen molecule should occupy two elemen- 
tary spaces, then the rate at which molecular hydrogen would condense on 


1 The bar is the C. G.S. unit of pressure, one dyne per sq. cm. One million bars or one mega- 
bar is equal to 750 mm of mercury, which is more nearly average atmospheric pressure than 
the 760 mm usually used. 

* There is good reason to believe that even the hydrogen atoms which strike a surface already 
covered condense. But the rate of evaporation of the atoms from such a surface is so much 
higher than that from a bare surface that the number of atoms in the second layer is probably 
negligible in comparison with that in the first. 

* In calculating yu in this case by (1) the value M = 2 will have to be used instead of M = 1. 
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the surface is equal to a6?u. The exponent 2 for the quantity 6 is due to the 
fact that two adjacent spaces must be vacant simultaneously, in order that 
the molecule may condense. The chance that a given space, towards which 
a gas molecule may be moving, shall be vacant, is 6. The chance that two given 
spaces shall be simultaneously vacant is 6%. 

The adsorbed atoms or molecules on the surface evaporate at a definite 
rate. Let the rate of evaporation in gram molecules per sq. cm per second from 
a completely covered surface, be represented by ». If 6, is the fraction of 
the surface which is covered by the atoms or molecules in question, then 
the actual rate at which the hydrogen evaporates is ¥6,. 

In considering the mechanism of the dissociation of hydrogen in contact 
with a heated wire, we may make two alternative hypotheses. 

First Hypotuesis. — Hydrogen exists on the surface in the form of atoms 
only. Molecules, formed by the combination of adjacent atoms, leave the sur- 
face immediately. 

SeconD Hypotuesis. — Hydrogen can exist on the surface in either molec- 
ular or atomic condition. 


First Hypothesis 


We assume that out of all hydrogen atoms striking a bare surface, the frac- 
tion a, condenses and that the corresponding fraction for the molecules is a2. 

Let w be the velocity with which the dissociation of hydrogen is brought 
about by the heated wire. We shall express w in gram molecules of hydrogen 
(H,) dissociated per second per sq. cm of surface. 

The rate at which atomic hydrogen leaves the wire is »,0,. The rate at which 
it is taken up by the wire is a,0u,. The net rate at which it is produced is the 
difference between these two, and this must be equal to 2w. The coefficient 
2 is due to the fact that two atoms of hydrogen are produced from each mole- 
cule. We thus obtain the equation 


2w = »,0,—a,0u,. (4) 


In a similar way we may consider the role played by the molecular hydrogen. 
Since we have assumed that molecular hydrogen does not exist as such on 
the surface, each molecule condensing on the surface must fill two adjacent 
elementary spaces as two separate atoms. The rate at which molecular hydrogen 
is removed by condensation on the heated wire is thus a,f?u, gram molecules 
per sq. cm per second. This process will be reversible. That is, adjacent hydro- 
gen atoms on the surface may combine together to form molecular hydrogen 
which then escapes from the surface. The rate at which this occurs will evidently 
be »,6%, since the chance of two hydrogen atoms occupying adjacent positions 
will be proportional to 63. The coefficient v, is the rate of evaporation when 
the surface is wholly covered by atomic hydrogen (4, = 1). 


lie 
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The difference between the two rates will be equal to w, the rate at which 
molecular hydrogen disappears. Thus we obtain 


@ = a,6*4,—»,6}. (5) 
The fractions @ and 6, must fulfill the condition! 
6+0,=1. (6) 


These three equations, 4, 5 and 6, enable us to calculate the equilibrium 
constant in the gas phase in terms of the quantities a,, as, ¥, and ¥,. 
There are several possible definitions of the equilibrium constant, as follows: 


K, = pilpe (7) 
K, = G/cg (8) 
K, = 43/2 (9) 


Here p, and p, are the partial pressure of atomic and molecular hydrogen 
in equilibrium with each other, while c, and c, are the corresponding concen- 
trations. The third equilibrium constant K, as defined by (9) will be found 
very convenient in dealing with heterogeneous reactions. Since p = cRT the 
relation between K, and K, is 


K, = RTK,. (10) 
Similarly, from (2) we obtain, since M, = 2, and M, = 1 
K, = K,/y"RT = K,|/RT/z. (11) 


In order to find the value of K, we place w = 0 which is evidently the con- 
dition for equilibrium. Equations 4 and 5 then reduce to 


Paces 
a= a,0” (12) 
_ 265 13 
B= a8?" (13) 

Whence by (9) 
2 
K, =(") ot, (14) 
1 2 


It should be noted that 6 and 6, cancel out in the derivation of this equation. 
Since the factors a and » are not functions of the pressure, Equation 14 
expresses the law of mass action, which in this case follows automatically as 


* Provided the surface is perfectly clean. The presence of a gas (otherwise inert) which is 
strongly adsorbed on the surface will cause the larger portion of the surface to be covered with 
inert molecules (or atoms). Thus the Equation 6 becomes 0+ 0, = 1— 0, where 4, represents 
the fraction of the surface covered by the inert substance. This theory of catalytic poisons will 
be developed in subsequent papers. 
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a consequence of the mechanism we have assumed. From Equations 4 and 
5 we can determine the values of the two factors in the second member of (14). 
Thus 





eee ke 
Ae et 
imo 5) 
Spe 
v = “i ee. (16) 
a, 6 : 


K,=/—4, (17) 


The value of 6 may be found by solving (4) and (6) as simultaneous equa- 
tions. We thus obtain 
y,—20 1—20/», 
om HA+Q MH, 1+ 0,4,/r," 
The two Equations 17 and 18 give us a complete solution of our problem 
They enable us to calculate the dissociation constant K, in terms of a,, a, 
y, and experimentally determined values of w. 


Second Hypothesis 


In this hypothesis we assume that hydrogen molecules striking the surface 
condense as such, each molecule occupying only one elementary space. The 
atoms which strike the surface condense as atoms. Interaction between the 
atoms and molecules on the surface occurs. 

The rate of condensation of atomic hydrogen is a,9, while the rate at which 
it evaporates from the surface is »,0,. Hence we have 


2w = »,0,—a,0p. (19) 

This is identical with Equation 4. The rate of condensation of molecular 
hydrogen is a,4, whereas the rate of evaporation is »,9,. This gives 

© = a,0u,—%282. (20) 

The rate at which hydrogen atoms combine will be proportional to the 

square of 6,, since the chance that two atoms shall be in adjacent spaces is 

Proportional to 63. We may thus place the rate of formation of molecular 


hydrogen from the atoms, equal to £,62 where £, is the rate of formation when 
the surface is wholly covered with atomic hydrogen. 
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The rate at which hydrogen molecules dissociate into atoms on the surface 
will be proportional to the product of 6 by 6, since a hydrogen molecule must 
be adjacent to a vacant space in order that it can dissociate. The chance that 
a hydrogen molecule and a vacant space shall be adjacent to each other is evi- 
dently proportional to 60,. We may, therefore, place the rate of dissociation 
of hydrogen equal to £,66,. 

We thus obtain a third equation 


wo = B,60,—f,6}. (21) 
Finally we have the condition (in the absence of catalytic poisons) 
6+6,+6, = 1. (22) 


If we substitute w = 0 in Equations 19, 20 and 21, we obtain the values 
of 44, fg, etc., corresponding to equilibrium conditions. 


= 9,0, 
a o 
a 7: 
= et, (24) 
Bi _ 965 
A. 25 
Be OF oe 
Substituting (23) and (24) in (9) 
Ki Si) a (26) 
* a,] 9p, ° 
From (19) we obtain 
% _ Ou, +20/a, 
a 8 =e 
and from (20) 
Ve 6u2—w/a, 
22 a Shalt (28) 
while (21) and (25) give 
66 
a = oe (1—«/B,602) (29) 
or 
Bit SO sag 
Ft = age ( + o1BeD. (30) 
From (19) we obtain 
6, = 8 ut 2cw/a,6) (31) 
1 
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and from (20) 
6 
= Fa /a48). (32) 
By combining (26), (27), (28), an and (31), we obtain 


«tt aa) +(e) - 











(33) 
(o- 5) 
Similarly, from (26), (27), (28), (29) and (32) 
2w 2 
ht 
K f 2 3) (34) 


- o be 
Mao) aa Be 
The Equations 33 and 34 are different forms of the same fundamental equa- 
tion. 
By substituting (31) and (32) in (22), and solving for @ we find 


oe 

6S he. (35) 
14 Sit 5 Salts 
ist Ve 


These last three equations furnish a complete solution of our problem in 
the case of the second hypothesis. 


Comparison with the Older Theory 


It will be interesting to compare the results obtained by each of the above 
hypotheses, with those found by the theory developed in Part II of this paper. 
The Equations 21 and 26, of Part II (page 427), correspond to the Equations 
17 and 33 derived above. However, since the nomenclature previously used 
differs from that employed here it will be worth while to go through the deri- 
vation of the older equation again by a method which will bring out clearly 
the difference between the two view-points. 

It is assumed that out of all the atoms striking the surface, the fraction a, 
is absorbed by the metal, whereas for the molecules the corresponding fraction 
is ag. It’is assumed further that the surface of the metal contains hydrogen 
molecules and atoms in equilibrium with each other. Let », and v, be the rates 
at which atomic and molecular hydrogen, respectively, escape from the surface. 

We may thus derive the equations 


2w = 4— ayy (36) 
@ = Ayflg—Me5 (37) 
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from which we obtain 
% = 2w+ayy, (38) 
Yq = Ay2—W. (39) 


It is assumed that the equilibrium inside the metal obeys the law of mass 
action, so that the concentration of molecular hydrogen is proportional to the 
square of the concentration of atomic hydrogen. It is further assumed that 
the rates at which each of the gases escapes from the surface, is proportional 
to the corresponding concentration in the metal. Thus, »3/y, is a constant 
proportional to the equilibrium constant in the metal. Let this constant be 
represented by A. Then we have by (38) and (39) 


pe Gite : (40) 


When equilibrium exists in the gas phase, we may place w = 0 and thus find 


_ Gui _ at 
Am gk (41) 


Combining (41) and (40) gives 


K,=+—“41L, (42) 


This is the equation which was derived in Part II and which was found 
to be in excellent agreement with the results of the experiments. In fact, we 
may look upon this equation as having been proved correct by the experi- 
ments. 

When we compare this equation with (17), which was calculated by the 
1st hypothesis, we see that the two become identical if we place 6 = 1. We 
see by (18) that this condition will be fulfilled if », is very large, compared to 
ay, and w. We may thus conclude that the first hypothesis is entirely in agree- 
ment with the experiments if we assume that »,, the rate of evaporation of hydro- 
gen from the surface, is so high that only a small fraction of the surface remains 
covered. 

If we compare Equation 42 with 33 and 34, we see that they become iden- 
tical if we take 6 = 1.while 8, and f, are taken to be very large. This last require- 
ment means the velocity with which adjacent hydrogen atoms or molecules 
interact or dissociate must be very large compared to that at which they evap- 
orate. This is equivalent to assuming that equilibrium exists between the 
atoms and molecules on the surface. Thus we see that the second hypothesis 
is also in accord with the experiments if the rate of evaporation is assumed 
to be so high that only a small fraction of the surface is covered. 
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The experiments thus do not enable us to decide between the two hypoth- 
eses. In fact, it is also possible by means of slightly different hypotheses from 
those described here to obtain the same equation. 

But all these hypotheses have this in common: they lead to the conclusion 
that only a small fraction of the surface is covered with hydrogen atoms or 
molecules, and that the reaction fs not dependent upon phenomena occurring 
within the surface of the metal. 

This conclusion that only a small fraction of the surface is covered with 
hydrogen is confirmed by other facts. 

We have seen that the accommodation coefficient of hydrogen in contact 
with tungsten at relatively low temperatures is about 19%, whereas at high 
temperatures 68% of the molecules which strike the filament reach chemical 
equilibrium. The explanation of this apparent paradox, according to the new 
theory, is that the surface of the tungsten is largely covered by adsorbed 
hydrogen at the lower temperatures, whereas at the higher temperatures it is 
practically bare. The 19% thus corresponds to the fraction of molecules which 
condenses when they strike a surface already covered with hydrogen, while the 
68% represents the fraction condensing on a bare surface. 

Another fact which proves nearly conclusively that the surface of a highly 
heated tungsten wire is not covered to an appreciable extent by hydrogen is 
that the electron emission from tungsten is not perceptibly influenced by the 
presence of pure hydrogen.! A large amount of unpublished work in this labo- 
ratory has demonstrated that the electron emission affords an extraordinarily 
sensitive method of detecting the presence of a film of adsorbed material, so 
thin that it only partly covers the surface with a layer one atom deep. Some 
of this evidence will soon be published. 

In subsequent papers, the theory of heterogeneous reactions here outlined, 
will be applied to a large number of reactions. It will be shown that the equa- 
tions derived by Fink, in his work on the contact sulfuric acid process, may 
also be derived by the new theory, and that definite proof that the mechanism 
postulated by Bodenstein and Fink cannot apply in this work may be adduced 
from the experiments themselves. 

The work of Bodenstein and Ohlmer on the reaction between carbon mon- 
oxide and oxygen is also in quantitative agreement with the new theory. Other 
cases, including several studied experimentally in this laboratory, will also 
be discussed. 


Summary 


1. The velocity of the reaction by which hydrogen is dissociated in contact 
with a heated tungsten wire is so enormous that it definitely proves that the 
reaction cannot depend upon a diffusion of hydrogen into the metal even if 
the depth of penetration should be only that of a single atom. 


' Langmuir, Phys. Zeit. 15, 523 (1914). 
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2. A general theory of heterogeneous chemical reactions is outlined in which 
the reaction is assumed to take place in the actual surface layer of atoms. 

3. This theory is worked through in detail for the case of the dissociation 
of hydrogen. It leads to equations which become identical with that previously 
derived by other methods, when it is assumed the hydrogen evaporates so 
rapidly from the surface that only a negligible fraction of the surface is covered 
at any time. This equation has already been shown to be in full agreement 
with the experiments (Parts I and II). 

4. The conclusion that very little of the surface is covered is in good accord 
with the fact that the accommodation coefficient of hydrogen is 0.19 at tem- 
peratures below 1500°K, while the ‘‘chemical” accommodation coefficient a, 
for the dissociation of hydrogen is 0.68 at high temperatures. 

5. The fact that the electron emission from heated tungsten is not affected 
by the presence of pure hydrogen is additional evidence that the fraction of 
the surface covered by hydrogen atoms or molecules must be very small. 
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Journal of the American Chemical Society 
Vol. XXXV No. 2, 105, February (1913). 


I. The Clean-up of Oxygen in a Tungsten Lamp‘ 


ABouT three years ago we had occasion to measure the amounts of gas given 
off by a tungsten wire when heated in a vacuum. We were surprised to find 
that amounts of gas as great as 1000 times the volume of the filament were 
apparently given off without any indication that the source of supply was nearing 
exhaustion. Careful investigation showed that the gas really came from the 
decomposition of the vapor of vaseline used on a stopcock, placed between 
the vacuum pump and the lamp containing the tungsten wire. The apparatus 
was therefore reconstructed, avoiding the use of stopcocks, but still the steady 
evolution of gas was observed when the filament was heated, although at a much 
smaller rate than previously. The source of this gas was found to be water va- 
por given off by the glass of the bulb, which, coming into contact with the 
heated wire, produced hydrogen and oxidized the tungsten. The hydrogen was 
indicated by the McLeod gage, whereas the water vapor had not been. Fur- 
ther study showed that, to avoid such evolution of gases, the bulb must be 
heated to a temperature of at least 360° for an hour or more, after the lamp 
has been exhausted with a mercury pump. During this heating of the bulb, 
it is necessary to absorb the water vapor with phosphorus pentoxide, or, much 
better, with liquid air. In order to be able to measure the quantities of gas 
accurately, we avoided the use of charcoal or any other porous material in con- 
nection with liquid air, but depended simply upon the low temperature to 
condense out water vapor and carbon dioxide. For this purpose the tube 
connecting the lamp bulb with the rest of the apparatus was bent in the 
form of a U, which was kept immersed in liquid air during the whole of the 
experiment. 

When these precautions were taken, it was found that relatively little gas 
was evolved when the filament was heated. The gas actually obtained from 
the filament was given off nearly instantaneously when the metal was heated 
for the first time to a temperature exceeding about 1500°. This gas usually 


1 Paper read before the New York Section of the American Chemical Society, November 8, 
1912. 
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amounts to from three to ten times the volume of the filament,! and consists 
mostly of carbon monoxide. 

It may be of interest to give the results of the analysis of the gas given off 
from the bulb during the heating to 360°. Before heating the bulb, it was 
thoroughly dried out at room temperature over liquid air and the gases 
obtained in this way were pumped out and rejected. Upon then heating the 
bulb to 360° for an hour, the gases given off were approximately as follows: 

300 cu. mm water vapor 
20 cu. mm carbon dioxide 
4 cu. mm nitrogen 
The bulb in this case was an ordinary, 40 watt tungsten lamp bulb, made of 
lead glass. For a description of the method of analysis used, see #7. Am. Chem. 
Soc. 34, 1313 (1912). 

In all of the work described in this paper, pressures were measured by 
a McLeod gage which was capable of measuring accurately to pressures as 
low as 0.01 micron of mercury (0.00001 mm of mercury). From the known 
volume of the system and the pressure in it, we calculated the number of cubic 
millimeters of gas in the system, and the results in general are given in terms 
of quantity of gas, rather than in pressures. 

We have very carefully tested out the reliability of the McLeod gage and 
find that for all gases that are not condensed in a vacuum system at the tem- 
perature of —78° (solid carbon dioxide and acetone), the McLeod gage gives 
extremely accurate results. But this gage does not correctly indicate the pres- 
sure of such easily condensible gases as water vapor, oil vapor, or mercury 
vapor, nor does it indicate correctly the pressure of any gas in the presence 
of even small amounts of water vapor. 

During some of the experiments on the evolution of gas from a tungsten 
wire, we noticed that, if the filament was heated at a high temperature in gas 
which had previously been given off by the filament or obtained in any other 
way, the pressure would gradually decrease. 

This clean-up of gas was known to exist in ordinary commercial tungsten 
lamps. There are several indications of this. In the first place, it was known 
that when a tungsten lamp is first lighted, after having been sealed off from 
the pump, there nearly always occurs a flash of blue glow in the lamp. This 
gradually becomes less intense, and finally, after flickering a few times, com- 
pletely disappears. Other indications were obtained by attaching a radiometer 
to the lamp bulb. If, by swinging the lamp, the radiometer vanes were set in 
rotation, the time necessary for them to come to rest was at first only a few 
minutes. After the lamp had been burning several hours, the time necessary 
for the radiometer to stop increased to about an hour. Another and more accu- 
rate way of indicating this change in pressure is by means of quartz fiber, placed 


1 All volumes of gas given in this paper are supposed to be measured at atmospheric pres- 
sure and at room temperature. 
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in the lamp bulb, close to the filaments, one end being attached to the glass 
close to the base of the lamp, and the other end swinging freely in the 
vacuum. In one typical experiment the pressure had been 0.018 micron, at 
the moment of sealing the lamp off from the pump. Upon shaking the lamp so 
that the fiber was set in vibration and then placing the lamp in a quiet place, it 
was found that it took 66 minutes for the amplitude of the vibrations to become 
one-half the original amount. After this lamp had been running at 1 w.p.c. 
for about 3 hours, the time necessary for the amplitude to decrease 50% had 
become 115 minutes. In other words, the amount of damping of the filament 
had decreased in the ratio of 1.75:1. This indicates that the pressure must 
have been at least as low as 0.010 microns, and presumably very much lower, 
because even in a perfect vacuum, the filament would probably not have vi- 
brated much longer than 115 minutes to half amplitude. 

Evidence of a clean-up of gas in presence of electric discharges is not uncom- 
mon. For example, it is well known that in the Moore tube, or in Geissler tubes 
in general, the vacuum steadily improves. The same observation has repeatedly 
been made in Réntgen ray tubes. It has been generally assumed that the gas 
in these cases is driven into the electrodes, or into the glass, or is absorbed by 
the metal which sputters from the cathode. 

In order to gain a clear insight into the nature of the changes occurring . 
in tungsten lamps during life, it was decided to investigate in some detail the 
causes of the clean-up in such lamps and to study the behavior of various gases 
in this regard. 


Clean-up of Hydrogen 


When a tungsten filament is heated above 1300°K* in hydrogen, at low 
pressures, the hydrogen gradually disappears. It has been shown in a previous 
paper? that this action is caused by the hydrogen becoming dissociated into 
atoms in contact with the filament, the atoms then being driven on to the bulb, 
and there held by adsorption or some other cause. The hydrogen on the bulb 
is in a particularly active form and is capable of reacting, at room temperature, 
with oxygen. 

Since these experiments were made, further investigation of the clean-up 
of hydrogen has been carried on and interesting results have been obtained. 
These, however, will be given in a subsequent paper. 


Clean-up of Oxygen 
It is well known that metallic tungsten oxidizes in the air at a red heat and 
becomes covered with a layer of the yellow oxide, WO,. At a white heat, the 
oxide volatilizes easily, forming a yellowish white smoke. 


1 In this paper the letter K (Kelvin) will be used to denote absolute temperatures, in accordance 
with the recommendations of the Association International du Froid. See Chem. Ztg. 35, 3 (1911). 
2 J. Am. Chem. Soc. 34, 1310 (1912). 
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The first experiments with a heated tungsten filament in oxygen at a very 
low pressure showed that the oxygen disappeared fairly rapidly, without pro- 
ducing any darkening of the bulb. The rate of disappearance was proportional 
to the pressure of oxygen, but if the temperature of the filament was above 
1500°K the rate did not seem to increase very rapidly with rising temperature. 
Also, when different lengths of filament were heated in the 
same bulb, the rate was found not to vary in proportion to 
the surface of the filament. Further investigation showed that 
the measured rate was to some extent limited by the rate of 
diffusion of the gas from the pump bulb and McLeod gage 
over into the lamp bulb. At low pressures much longer times 
are necessary for the equalization of pressures than at ordinary 
pressures. 

To avoid this resistance to the flow of the oxygen, several 
changes were made in the apparatus. 

The apparatus used for the final experiment (Exp. 265) is 
diagrammatically represented in Fig. 1. The lamp bulb B 
was made large (1020 cc.), so as to have as large a proportion 
of the oxygen as possible in immediate contact with the 
filaments. Below the lamp is a tube, L, immersed in liquid 
air, which serves to exclude mercury vapor from the lamp. The lamp contained 
three sections of filaments with four leading-in wires,:so that any one of the 
sections could be heated to any desired temperature. 

The diameter of the wire was 0.0394 mm. The lengths of the sections were: 





Fic. 1. 


Section Length Area 
a 5.4 cm 0.067 sq. cm 
6 14.6 0.181 
c 47.0 0.583 


The tubing between the bulb and the McLeod gage G was made as short 
as possible, about 25 cm, and of large diameter (about 0.8 mm internal diame- 
ter), so that the resistance offered to the flow of gas would be as small as pos- 
sible. For the same reason the volume of the McLeod gage was made small 
(50 cc.). The apparatus was exhausted by a Tépler pump through the mercury 
seal M, through which also fresh supplies of oxygen were admitted. 

After thoroughly exhausting the system (bulb heated 1 hour at 360°) and 
freeing from water vapor and carbon dioxide, a definite amount of pure oxygen 
was admitted, and the seal M closed. After taking a reading of the gage the 
current was suddenly turned on the filament, so as to heat it very rapidly to 
the desired temperature. Readings of the gage were taken regularly every minute. 
With the longest section of filament, especially at the higher temperatures, the 
oxygen disappeared so rapidly that it was nearly gone in one minute. In these 
cases the current was turned off after a few seconds and a reading of the gage 
taken. The time intervals were measured by a stopwatch. 
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When the filament was heated to a temperature between 900° and 1200°K 
in oxygen, it immediately became coated with an oxide film which was at first 
straw-colored and gradually changed to dark blue and then to a dull brown. 
Simultaneously, the filament cooled off considerably and ceased to be even 
red hot, so that the current had to be increased considerably to maintain the 
original temperature. If the temperature was now raised to 1300°, bright spots 
appeared which gradually extended along the whole filament. When the fila- 
ment had become uniform, it was found that the oxide film had entirely disap- 
peared and that a given current would heat the filament to the same tempera- 
ture as originally. 

The reason for the cooling of the filament is undoubtedly that t .e oxide 
is a better radiator of heat than the bright metal. The experiment indicates 
that the oxide volatilizes in a vacuum at a temperature of about 1300°. The 
disappearance of the oxide is not due to 
dissociation of the oxide, for no evolution of 
gas occurs when the oxide film disappears. 

At temperatures above 1250°, the surface 
of the filament always remains bright, even 
after long treatment in oxygen. 

Fig. 2 gives a typical curve showing the 
way the pressure of oxygen decreases with’ 
the time. In this case section a of the filament 
was heated to 1470°. The ordinates represent 
the total amount (in cubic mm) of oxygen 
gas remaining in the system (bulb, gage, and 
tubing). The volume of the system being 1075 
cc., one cubic mm of gas corresponds to a 
pressure of 0.706 microns. 

In practically every case the curves obtained 
were as smooth as this. Sometimes the gas 
would not completely disappear, but a slight residue, which proved to be 
nitrogen or carbon monoxide, would remain. In these cases this-amount was 
subtracted from the other readings before drawing further conclusions from 
the results. Before admitting fresh oxygen, these residues of foreign gases 
were always pumped out. 

In some of the early experiments it had been found that the rate of clean-up 
of the oxygen was nearly independent of the temperature of the filament. One 
of the hypotheses that seemed to account for this was that the observed rate 
was simply the rate at which the oxygen came into contact with the filament. 

It became of interest, therefore, to calculate from the kinetic theory at what 
rate a gas at low pressures would come into contact with a solid body. 

Calculation of Greatest Possible Rate of Clean-up. — Let us consider a square 
centimeter of a surface exposed to the pressure of a gas. According to the kinetic 
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theory, the pressure is caused by the impact of the molecules. Let v be the 
average velocity with which the molecules strike the surface and let m be the 
mass of the molecules which strike a square centimeter of surface per second. 
Now, according to the laws of mechanics, the force exerted by a series of col- 
lisions is equal to the momentum given up to the surface per unit time. Since 
the molecules leave with the same velocity with which they strike the surface, 
the momentum given up per second will be mx 2v. This is equal to the pres- 
sure, whence 
m = p/2v. (1) 
We can thus calculate the mass of gas which comes into contact with each 
sq. cm of surface, if we know the pressure and the average velocity of the mole- 
cules. 
According to the kinetic theory, the mean square velocity v? of the mole- 
cules in a gas can be calculated from the equation 
p =*/.d0* (2) 
where d = density of the gas. 
The ordinary gas law pv = RT can be written 


p = dRT/|M (3) 
where M = molecular wt. 
Combining this with equation (2), we get 
v= y3RT/M (4) 
If we assume that 0 = wv then from (1) and (4) we may obtain the approx- 
imate formula 


wreTr.? 
m=y)M/RT .—— 5 
y MI Bs (5) 
Knudson!, by making use of Maxwell’s distribution law, has avoided the 
above assumption and has obtained equations which should be rigorously 
correct. Careful experimental investigations have proved the accuracy of the 
equation. From Knudson’s formulas, the following equation for the value 
of m is readily obtained, 
m = yM[RT- ply 2 
which gives results 38% larger than the previous formula. 
To apply this formula to the case in hand, we place R = 83.2x10® and 
for oxygen M = 32. For room temperature (25°) T is 298°, whence 
m = 14.3x10-*p. 
Here p is to be expressed in dynes per sq. cm. If we express p in microns of 
mercury, we have 
m = 19.1 x 10-%p grams per sec per cm?. 


‘ Knudson, Ann. Phys. 28, 999 (1908). 
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One cu. mm of oxygen at room temperature and atmospheric pressure 
weighs 1.30 x 10-* grams. Hence the rate at which oxygen, at a pressure of p 
microns, comes in contact with one sq. cm of surface is: 14.6xp cubic mm 
per second per cm?. 

Now, in general, not all the oxygen molecules which strike the filament 
will combine with it, but only a certain proportion will do so. 

Let us represent by «¢ the ratio of the actual rate at which oxygen disap- 
pears to the rate which would prevail if the oxygen combined with the fila- 
ment as fast as it comes into contact with it. Let g be the quantity of oxygen 
in the system at any time, t. Then we have 

dq/dt = €x14.6pA (8) 
where q is expressed in cu. mm at 298°K and atmospheric pressure 

p = pressure in microns of mercury 

A = area of filament in sq. cm 

t = time in seconds 

é = fraction of molecules of oxygen which strike the filament that combine 
with it. 

The quantity of gas g in the system can be readily calculated from the 
pressure and temperature of the gas and the volume of the system. In the 
present experiments, the volumes of the different parts of the apparatus had 
been measured. If the lamp bulb is at room temperature, we have 

q = pv/760 
where 

q = quantity of gas in the whole system in cubic mm at 760 mm pressure 
and 25° 

p = pressure in microns 

v = volume of system in cc. 

When any part of the apparatus, for example, the lamp bulb, is heated above 
room temperature, then in calculating v we add the volumes of the various 
parts at room temperature and then add the product of the lamp volume by 
the square root of the ratio of the absolute room temperature to the bulb tem- 
perature. That is, if the bulb is at 300° (573° abs.), instead of taking its real 
volume, 1020 cc., we take 1020x}/ 298/573 = 734 cc. Knudson! explains 
fully the reason for multiplying by the square root of the temperature ratio. 
We have thoroughly tested out this rule and find that at pressures below about 
10 microns, it holds accurately. Let v, be the effective volume of the system, 
as calculated above; then we have 


q = pr/760 (9) 
By combining (8) and (9) we obtain: 


dq/dt = 11,100 eqgA/v, 
1 Ann. Phys. 31, 205 (1910). 


12 Langmuir Memorial Volumes I 
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whence 


e= 207 x 10-* 35 log“. (10) 


Here gq, is the amount of gas originally present and q is the amount after ¢ 
seconds. v, and A are expressed in cm units. 


Results of Experiments 

Such a large number of experiments were made that it would be imprac- 
ticable to give anything more than a summary of the results along with a few 
typical illustrations. A particular study was made of the effect of the following 
four factors on the rate of clean-up: 

1. Pressure. 

2. Length of filament. 

3. Temperature of filament. 

4. Temperature of bulb. 

Previous experiments with smaller bulbs had shown that the oxygen, even 
at the lowest pressures, combined with the filament to form WO ;. This was 
found by determining the loss in weight of a filament during treatment in 
oxygen and comparing this loss with the amount of oxygen which disappeared. 
An additional check was had by measuring the increase in the electrical resist- 
ance of the filament when cold and also when heated. The specific resistance 
and the temperature coefficient of the resistance are not affected by heating 
in oxygen. From the changes in resistance, the change in diameter could be 
calculated and was found to agree well with that obtained by direct weighing 
after breaking open the lamp. In all the experiments, the ratio of loss of weight 
to the weight of oxygen cleaned up was very close to that calculated from the 
ratio W: 30. 

Only in rare instances was enough oxide deposited on the bulb to be visible; 
whereas if the equivalent amount of tungsten had been on the bulb, it would 
have been nearly black. This is an indication that the oxide must be of very 
light color. 

It is an interesting fact that when tungsten is heated to a very high temper- 
ature in nitrogen which contains traces of oxygen the blue oxide W,O, is 
formed. In pure oxygen at either high or low pressures this oxide never seems 
to be formed, except when the temperature is so low that the oxide remains 
on the filament instead of distilling off. This fact would indicate that the yellow 
trioxide is produced extremely rapidly directly on the filament while the blue 
oxide is formed only by subsequent reduction of the trioxide. 

All the experiments with oxygen gave results that were easily reproducible. 
The errors seemed to be only such as would occur from errors in the measure- 
ments of the temperature of the filament. In marked contrast with the experi- 
ments on the clean-up of hydrogen, we never found any indications of fatigue 
in the clean-up of oxygen. 
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1. Effect of Pressure.— In every case the value of « was found to be prac- 
tically independent of the pressure. For example, in the experiment from 
which the curve in Fig. 2 was obtained, the following values of « were obtained: 


Time Quantity of O, 


7.59 0.0051 





Di eivied oivisiele Fais.0.a18s.9 81838 eier8 2.50 0.0045 





DT os cpciersolers sg asiadisietglneteaiens 0.40 0.0049 





The curve given in Fig. 2 was calculated from equation (10) by taking 
e = 0.0049, A = 0.067, v, = 1075. The equation thus becomes: 
Go 


0.0554 bes 
t q 
where ¢ is the time in minutes. It was from this equation also that the values 
of ¢ in the above table were calculated. It is seen from Fig. 2 that the calculated 
curve agrees well with the points determined by experiment. 

This independence of ¢ from the pressure has been tested and found to 
hold for pressures as high as 50 and as low as 0.2 microns. 

The fact that € is independent of the pressure means simply that the rate 
of clean-up is strictly proportional to the pressure; in other words, the reaction 
acts like a monomolecular reaction. 

2. Effect of Length of Filament.— Sections A, B, and C were, respectively, 
5, 15, and 47 cm long, yet as is shown clearly in Tables I, II, and III, the 
values of ¢ obtained were practically the same from each. This simply means 
that the rate of clean-up is strictly proportional to the surface of the filament. 











Tasie I 
Values of « from Exp. 265 
Temp. of filament | Section A 7 — “Section B Section Cc a 

1270°K 0.0010 | 0.0011 | 0.0014 
1470 | 0.0049 0.0049 | 0.0055 
1470 i i | 0.0059 
1570 0.0092 | 0.0091 i 0.0099 
1770 | 0.021 | 0.024 | 0.027 
1770 0.025 0.027 | 0.027 
1770 0.026 0.024 

1770 0.028 - 
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Tasie II 
Effect of Heating Bulb 
“Values of e from Exp. 265 























Section B | Section C 
Temp. of filament ‘Temperature of bulb H ‘Temperature of bulb 
.*s ee eee eee 300° | 23° | 300° 
1270°K | 0.0011 | 0.0012 | 0.0014 | 0.0013 
1470 | 0.0049 | 0.0042 0.0057 | 0.0053 
1570 | 0.0091 | 0.0078 Seis | 
1770 ~——s«|_— 0.0250, | —_—0.0183 | 
Tasie III 
Values of « from Exp. 265 
2 Temp. of filament | Section A | Section B | Section C 
900—1070°K 0.00036 0.00035 | 0.00033 
1270 aan 0.0016 | 0.0015 
1770 j 0.022 0.026 | 0.023 
2020 | 0.043 | 0.049 | 0.046 
2290 0.095 | 0.068 0.080 
2340 oe cio 0.084 
2520 0.122 0.075 0.090 
2770 0.15 0.095 0.115 





3. Effect of Temperature of Filament.— In Tables I, II, and III are given 
the values of « from Exp. 265, in which the apparatus was arranged as indi- 
cated in Fig. 1. The separate runs were made in about the order given in the 
table. The temperatures were obtained from photometer measurements on 
a lamp made from another piece of the same wire. From the candle power 
per sq. cm of surface the temperature was obtained and from this a curve 
giving the relation between current and temperature was plotted by use of 
a formula previously given.’ After the lamp in Exp. 265 had been exhausted 
and the filaments aged by heating one-half hour at a very high temperature, the 
relation between voltage and current, and hence temperature, was obtained. 
From these data a curve was plotted giving V/A for each of the filaments 
as a function of the temperature. (Here V = volts; A = amperes.) This 
function remains constant even when the diameter of the filament changes 
between wide limits, and it was by its use that the temperature measurements 
were made after the filament had beeen attacked, to any serious extent, by 
the oxygen. Towards the end of the experiment the resistances (at 25°) of the 
three sections of the filament had increased up to the following percentages 
of the original resistance: 


Section A increased to 142% 
B 191% 
Cc 121% 


1 Trans. Am. Electrochem. Soc. 20, 233 (1911). 
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The areas A were therefore reduced as follows: 
See A reduced to 84% of orig. surface 
B reduced to 72% of orig. surface 
C reduced to 90% of orig. surface 

In Table III corrections were made in e« to correspond to these changes 
in surface. The filaments were reduced very uniformly in diameter, as was 
apparent from the uniform intensity of the light emitted from them. 

The irregularities in the values of ¢ at higher temperatures and in the latter 
runs are probably due to errors in temperature measurements and to the diffi- 
culties in measuring the extremely high rates of clean-up which occurred at 
the highest temperatures. 

















Taste IV 

Rate of Clean-up of Oxygen at Various Temperature 
Temp.K | € observed e cal. by (12) e cal. by (26) 
1070°K 0.00033 0.00016 : 0.000171 
1270 0.0011 0.00123 0.00124 
1470 0.0053 0.00525 0.00528 
1570 0.0094 0.0095 0.00953 
1770 0.0255 0.0256 \ 0.0256 
2020 0.049 | 0.066 0.0664 
2290 0.095 0.148 | 0.150 
2520 | 0.12 0.26 0.264 
2770 0.15 0.42 0.426 
3000 as 0.60 0.64 
3500 H bs 1.16 | 1.28 








At 2770°K the rate of clean-up was so rapid with Section C that the quan- 
tity of oxygen decreased from 14.90 cu. mm to 2.64 cu. mm in three seconds. 
With Section A, at the same temperature, the gas changed from 7.55 to 2.88 
cu. mm in 12 seconds. 

The second column of Table IV gives the most probable values of ¢ taken 
from Tables I, II, and III. The data for temperatures from 1220 to 1770 are 
obtained by taking the means of the values in Table I, these being considered 
the most reliable, as the filaments had not been altered much by oxidation 
during these runs. For temperatures above 1770 the highest of the values 
in Table III were chosen, for the possible errors would seem to make the 
observed values too low. 

The rate of increase of « with the temperature agreed well with Arrhenius’ 
formula 

dine/dT = A/T? (11) 

The following equation, obtained from the above by integration and choice 
of suitable constants, was found to be in excellent agreement with the experi- 
mental results obtained between 1220 and 1770°, 


log e = 1.76—5940/T. (12) 


Google cee aaten 


182 Chemical Reactions at very Low Pressures. I 


The values of ¢ calculated for various temperatures from this equation 
are given in the third column of Table IV. The deviation of the observed 
from the calculated results at high temperatures is to be expected, as the above 
equation leads at 3500° to values of ¢ above unity and this we know, from the 
kinetic theory, must be impossible. 


4. Effect of Temperature of the Bulb.— The conditions which prevail during 
the reaction of the oxygen with the tungsten in the present experiments differ 
in several essential features from those which obtain in ordinary reactions 
between solids and gases at atmospheric pressure. 

The pressures we deal with are so low that the normal free path of the 
molecules is between about 1 and 10 cm. This means that relatively few of 
the oxygen molecules which travel from the surface of the bulb to the filament 
strike other molecules on the way. With the relatively small surface of the 
filament as compared with that of the bulb, the chance that a molecule leaving 
the filament should get back to the filament without first striking the bulb 
several times is negligibly small. The average velocity of the oxygen molecules 
striking the filament is therefore not perceptibly influenced by the tempera- 
ture to which the filament may be heated. In other words, the filament may 
be at one temperature and the oxygen with which it comes into actual contact 
may be at a totally different temperature. At ordinary pressures this would 
be quite impossible, for the gas, within a layer many hundreds of times thicker 
than the length of the free path, would be heated nearly to the temperature 
of the filament, so that the gas in actual contact with the metal would be prac- 
tically at the same temperature as the metal itself. That there is no great tem- 
perature drop at the surface between a metal and a gas at ordinary pressures 
has been amply proven.? 

A direct experimental indication that the behavior of a gas at low pressures 
may be quite different from that at high pressures is easily obtained. For example, 
we find that with nitrogen at atmospheric pressures or even down as low as 
100 microns, there is a sudden and marked increase in pressure upon lighting 
the filament. When, however, the pressure is 10 microns or less, there is no 
indication whatever on the McLeod gage of any such change in pressure upon 
lighting the filament, although the sensitiveness of the gage would be ample 
to detect such a change if it were relatively nearly as great as higher pressures. 

All of our previous knowledge of reactions between solids and gases is 
based upon results obtained when the two are at the same temperature. There 
were therefore no data which would indicate whether it was the temperature 
of the metal or that of the gas which would be the more important factor in 
the reaction. 

In the earlier experiments (Exp. 211) the rate of clean-up had appeared 
nearly independent of the temperature of the filament. At that time the effect 


1 See Knudson, Ann. Phys. 34, 593 (1911). 
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of heating the bulb to 360° and of cooling it to — 183° by immersing it in 
liquid air was tried, and it was found that the temperature of the bulb was 
entirely without effect. The value of ¢ obtained in these experiments was 0.0072 
at a temperature of 1770°K with a filament having a surface of 0.126 sq. cm. 
When we found that these results were too low because of the resistance to 
diffusion in the tubing, it became necessary to test out the effect of the bulb 
temperature again with the new apparatus (Exp. 265). The bulb, however, 
in this case was so large that it was impracticable to cool it with liquid air and 
we had to remain content with heating it to 300°. The results obtained in this 
way are given in Table II, columns 3 and 5. 

It will be seen that raising the temperature of the oxygen around the fila- 
ment from 25 to 300° makes no appreciable change in the value of «. 

This result is rather surprising. According to the ordinary conceptions 
of the mechanism of a chemical reaction, the effect of increasing tempera- 
ture is somewhat as follows: In order that a collision between two molecules 
may result in a chemical combination, the impact of the two molecules against 
each other must exceed a certain amount. At low temperatures no molecules, 
or only few, have velocities sufficient to produce strong enough impact. As 
the temperature rises the relative proportion of molecules which meet this 
requirement increases extremely rapidly, although still only a small proportion 
of the total number of collisions result in chemical action. 

If the above theory is correct, one would expect that both the temperature 
of the oxygen and that of the tungsten would influence the rate of reaction. 











That the actual impact between such . ae <—% 

molecules would be very greatly affected. O ji) P (™) 

by the temperature of the oxygen appeare \,_S ; 

from the following considerations: +3 
Let us consider two molecules, one of Fic. 3. 


molecular weight M, and the other of 

the weight M,. Let v, and vq be the velocities of these molecules, and 7, 
and T, the temperatures corresponding to these velocities. Let us imagine 
these two molecules in the positions indicated in Fig. 3 moving towards each 
other with the velocities v, and vz. Let x, be the distance from O to P, the 
center of gravity of the system of the two molecules. Let v, be the velocity 
with which P moves from O. 


By the definition of center of gravity, we have 


Xo—X, M, 
2—Xy M, 

or 
gs M, 
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and for the corresponding velocities, 





wot _ ante Ms 13 
ta Ut, M,+M," a) 


Now the impact with which they strike is proportional to the product of the 
mass of one of them by the velocity with which it approaches the common 
center of gravity. That is, the impact is measured by (v,—v)M,, but from 
(13) this gives for the impact J, 


MM, 


I= M,+M, (% +2). 


(14) 
Neglecting constant factors, which would ultimately cancel out, we can 
place, according to the kinetic theory, 


T, = M,v? and T, = M23, (15) 


whence, combining with (14), 


-WVEV Eli 


What we now wish to find is the effect that will be produced by a change in 
the temperature of M, as compared with a change in temperature of M,. We 
obtain by differentiation 


MM, | dT, aT 
dJ = 2-1-2 as 17 
itm ya MT, * 7a) a) 


If we represent by dT, and dT, the temperature changes of M, and M,, respec- 
tively, which will change the impact by equal amounts, we get 


aT, _ /M,T, 
aT, VY MT,’ (18) 


Taking for oxygen, M, = 32, T, = 298, and for tungsten M, = 184, T, = 
1600, we get 


aT,/dT, = 1/5.5. 


That is, raising the temperature of the oxygen 1° would increase the impact 
between the molecules as much as raising the temperature of the tungsten 
5.5°. From Table IV we see that at 1600° the value of « doubles in about 140° 
rise in temperature. Dividing this by 5.5, we see that raising the bulb tempera- 
ture about 25° should double the value of « if the rate of reaction is determin- 
ed by the impact of the molecules. From equation (16) it can be readily cal- 
culated that with the filament at 1600° the impact between oxygen molecules 
and tungsten atoms would be increased in the ratio 6.00: 7.20 by raising the 
temperature of the oxygen from 25° to 300°. If the oxygen be maintained 


Chemical Reactions at very Low Pressures. I ‘ 185 


at 25° we find that to produce the same increase (i.e., from 6.00 to 7.20) in 
impact by raising the temperature of the filament, it would be necessary 
to raise it from 1600° to 3160°. According to Table IV we see that this 
would increase ¢ from 0.010 to about 0.200. Actually, however, we find no 
appreciable change in ¢ upon heating the bulb and we must therefore conclude 
that it is not the impact of the oxygen molecules with the tungsten atoms 
which determines the rate of reaction. 

According to the electron theory of metallic conduction of heat and electric- 
ity, metals contain free electrons which participate in the heat vibration 
and have the same kinetic energy at a given temperature as the atoms of the 
metal. Oxygen, being an electronegative element, easily takes up electrons, 
so it seems probable that an oxygen molecule would be more apt to take up 
an electron in striking the filament than it would to combine directly with 
the tungsten. 

Let us consider this case from the view-point of the foregoing theory. That 
is, let us consider the impact of an oxygen molecule and a negative electron. 
We will place, therefore, in equation (18) 


M, = 32 T, = 298 
M, = 0.0005 T; = 1600 


Here, in place of M, = 184, we take M, = 0.0005, the “atomic weight” of 
an electron. Whence, from (18) 


dT,|dT, = 109. 


This completely reverses the previous result, and we see that a change 
of 109° in the temperature of the oxygen would have no more effect on the 
amount of impact between the oxygen and the electrons than a change of 
only one degree in the temperature of the filament. In other words, if the 
first step in the reaction consists of a collision between an electron and an 
oxygen molecule, we would expect to find just what the present experiments 
have shown, namely, that the value of « is not affected appreciably by changing 
the temperature of the bulb. 

This hypothesis is an entirely reasonable one. We do not need to assume 
that the oxygen molecule takes up more than one electron to begin with, or 
that the oxygen molecule is dissociated or undergoes any other change. The 
taking up of a single negative charge would bring into play electrostatic forc- 
es tending to hold the molecule on the surface long enough for secondary 
reactions to occur. These may be, for example, the taking up of more electrons, 
the dissociation of the molecule into charged atoms, and the combination 
of these with each other and with tungsten atoms to form WO,. All these sec- 
ondary reactions, however, would not influence the velocity of the reaction, 
since once an oxygen molecule was retained on the surface by taking up a single 
electron, there would then be ample time available for the subsequent changes. 
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On this hypothesis, the temperature coefficient of the reaction velocity 
may be due to two causes. First, the increased velocity of the electrons at 
higher temperatures, which gives a higher percentage of them capable of 
giving sufficient impact to produce the reaction. Second, an increase in 
the number of free electrons at high temperatures might cause an increase in 
the reaction velocity with increasing temperature of the filament. 

The electron theory! seems to make it probable that the number of free 
electrons in a metal is very large and that the number of them changes very 
little with increasing temperature. Partly from this reason and partly because 
of the very high velocities of the electrons, it is probable that every oxygen 
molecule that strikes the filament is struck by many electrons, but is only 
capable of combining with those that happen to have an unusually high velocity. 


There are other hypotheses, however, which may be advanced to explain 
the fact that e is independent of the bulb temperature. We may assume, for 
example, that the surface of the metal is more or less completely covered with 
a film of oxide, through which the oxygen must diffuse before it can react 
with the metal. As the temperature of the metal increases, the oxide film would 
rapidly become thinner, and this fact would account for the increase in the 
rate of reaction as the temperature increases. 

On this hypothesis, the oxygen would only react with the tungsten after 
it had diffused through the oxide film and hence reached the same temperature 
as the metal. The temperature of the bulb in this case would naturally be with- 
out effect. Undoubtedly this sort of film plays an important part in gas reactions 
between solids and gases at atmospheric pressure (see, for example, Boden- 
stein and Fink, Z. physik. Chem. 60, 46 (1907)) but it seems extremely improb- 
able that such would be the case at very low pressures and at high tempera- 
tures. The strongest argument, however, against this theory is that the thickness 
of the film and hence the value of e would vary with the pressure of the oxy- 
gen. This is, however, contrary to the results of the experiments. Another 
fact that indicates at least that any such film must be extremely thin is that 
the emissivity of the filament for both light and heat is entirely unaffected by 
the presence of oxygen (except below 1300°). 

It must be pointed out that the reaction between oxygen and tungsten 
at low pressutes obeys very simple laws and does not appear to be sensitive 
to slight variations in the conditions. Reactions in heterogeneous systems 
at atmospheric pressure are usually enormously sensitive to catalytic disturb- 
ances and other irregularities which are probably characteristic of reactions 
that take place through an adsorbed film. Bodenstein’s work on the reaction 
2H,+0, = 2H,0O in contact with solid bodies is an example of this type of 
reaction. Another example is the contact process for SO;.? 


1 See Richardson, Trans. Am. Electrochem. Soc. 21, 69 (1912). 
1? See Bodenstein and Fink, Z. physik. Chem. 60, 1 (1907). 
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For all these reasons it would seem extremely improbable that there is any 
surface film which limits the rate of reaction. The theory that the oxygen 
reacts primarily with electrons in the metal is therefore made still more prob- 
able. It will be worth while to analyze the consequences of this theory more 
fully. 


Electron Theory of Chemical Combination 


We have seen that the impact between oxygen molecules and tungsten 
atoms cannot be the determining factor in the reaction of oxygen with hot 
tungsten. The fact that the velocity of the reaction is not affected by the temper- 
ature of the oxygen indicates that the oxygen molecules react primarily with 
particles of very much smaller mass than themselves, therefore presumably 
with free negative electrons in the metal. 

Since the mass of the electrons is very small, their velocity must be very 
large in order that they may have the same average kinetic energy as the atoms 
of tungsten. 

From equation (16) we see that when two particles collide the amounts 
of impact contributed by each are proportional to }/7/M. If we consider the 
impact between oxygen molecules with an average temperature of 298° and 
negative electrons with velocities corresponding to 1600°, we find that the 
share of the impact contributed by the oxygen is to that contributed by the 
tungsten as } 298/32 is to y/1600/0.00055. That is, the movement of the oxygen 
molecule is only 1/560 as effective as that of the electron. This difference is 
so great that we can neglect the velocity of the oxygen entirely in its effect 
on the reaction. 

We have assumed that it is necessary for an electron and an oxygen molecule 
to collide with an impact exceeding a certain lower limit, in order that chemical 
combination may ultimately result. Since the velocity of the oxygen mole- 
cules is of so little importance, it is simply necessary, for chemical combina- 
tion, that the electron shall strike the molecule with a velocity which exceeds 
a certain limit vp. 

Let us now calculate what proportion of the electrons in a metal reach 
the surface with a velocity exceeding a certain value v, and let us determine 
how this proportion increases as the temperature of the metal increases. 

This calculation is identical with that made by Richardson’ in determin- 
ing the number of electrons that escape from incandescent metals. 

Let N be the number of electrons in each cc. of the metal. Then, according 
to Maxwell’s law, the number dN per cc. which have velocity components 


perpendicular to the surface of the filament lying between v and v+dv is 
dN = N_ wor d(vja) (19) 
ea 


1 Phil. Trans. 201, 516 (1903). 
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where 

a=y 2/30. (20) 
Here @ is the square root of the mean square velocity of the electrons in the 
metal and can be calculated by equation (4). 

pa y/2kT. an 
The number of electrons dn with velocities between v and v-+dv which reach 
a unit surface of the metal per second can be obtained by multiplying the 


number per cc. having this velocity by the velocity component perpendicular 
to the surface. That is, from (19) 


dn = vdN = ae vei" dy (22) 
ayx 


The total number of electrons which reach the surface with a velocity perpen- 
dicular to it exceeding a certain value v, is therefore 


N 7 aN 
n=——= | e-@/%ydy = -—_- e- la", 23 
aya J 2% (23) 


By combining this with (20) and (21) we obtain, 


n=N — e7 Mut /2RT, (24) 





The velocity v, is the velocity which the electron must have in order that 
it can combine with an oxygen molecule. As the temperature of the metal 
varies, the number of electrons having this necessary velocity will increase 
according to equation (24). Therefore, e, which measures the rate of the reaction 
of oxygen with the tungsten, would be proportional to n. We may assume that 
N and v, do not vary with the temperature and thus obtain from (24) a relation 
of the form 


e= BYT et (25) 
where 
b = Me?2/2R. (25a) 
Taking the logarithm of (25), we get 
Ine = —b/T+ In B44), 1n T. (26) 
Differentiating: 
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This equation differs from Arrhenius’ equation (11) only by the addition 
of the term 1/27. For all ordinary chemical reactions this term is very small 
compared to the first term. 

The data for e in Table IV were compared with this equation. By taking 
B = 0.85 and 6 = 12830, equation (26) gives the results in the fourth column 
of Table IV. These agree as well with the observed values of ¢ as do the results 
in column 3 obtained from Arrhenius’ equation. 

We are thus able to derive a correct form of equation for the reaction velocity 
from Maxwell’s distribution law. 

Knowing now the numerical value of 6, we can calculate the actual veloc- 
ity v) of the electrons necessary to bring about a reaction. From 


V = V2bR|M. (25a) 
Substituting 6 = 12,830, R = 83.2x10*, M = 0.00055, we find 
Uy = 62.4 10° cm per sec. 


This velocity is small compared to that of cathode rays. 
It is of interest to know through what voltage drop an electron would have 
to pass in order to attain this velocity. We have, if P = drop in potential, 


P = 1/2(mle)vg. 
For electrons e/m = 18.0x 108 e. m. units. 

Whence the potential drop is 108.0 x 10® e. m. units or 1.08 volts. It is prob- 
ably significant that this is the order of magnitude of the voltage necessary 
to decompose most chemical compounds. 

Let us now calculate what proportion of all the electrons reaching the 
surface do so with a velocity exceeding vy. If we place vy = 0 in (24), we find 
that the total number of electrons reaching the surface is 


n, = NV RT]oxM. (26) 
The proportion of these which have a velocity exceeding v, is therefore 


equal to e~™*'/227 or, in other words, to e~¥7. This ratio is given in column 3, 
Table V. 








TABLE V 

I i jo IV 
Temp. € observed | n/n | €no/n 
1270°K 0.0011 “0.000041 | 27 
1470 0.0053 | 0.000162 | 33 
1570 0.0094 0.000282 33 
1770 0.0255 0.000715 36 
2020 0.049 | 0.00173 | 28 
2520 | 0.12 | 0.0062, | 19 
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The relative number n/n, of electrons striking the oxygen molecules which 
actually combine with them is very small. For example, if we consider a fila- 
ment at 1270° being struck by 910 oxygen molecules, we see from the value 
of ¢ that on the average only one of these will combine with the tungsten. 

On the other hand, we see from the value of n/n, that in order for one elec- 
tron to combine with an oxygen molecule 1/0.000041 or about 24,400 electrons 
must collide with oxygen molecules without combining. This leads us to the 
conclusion that each oxygen molecule striking the filament will, on the aver- 
age, be struck by about 27 electrons. The number of electrons striking each 
oxygen molecule is equal to en,/m in the fourth column. The average is about 
30 and up to 1800° does not vary much with the temperature. 

The number of electrons which strike each oxygen molecule depends on 
the number of electrons per unit volume in the metal, on their velocity, and 
on the forces the electron has to overcome in moving from the interior of the 
metal to the point where it collides with the oxygen molecule. If we assume 
that these forces are negligible, we may roughly calculate the number of electrons 


per unit volume. 
Let us assume provisionally that the average distance between the electrons 


in the metal is about the diameter of an oxygen molecule. Since there are six 
possible directions perpendicular to each other in which an electron may 
move, we may consider that only one-sixth of all the molecules are moving 
towards the surface at any one time. If the velocity of the electrons and oxygen 
molecules were the same, then the chance that an electron would strike a mole- 
cule during a collision of the latter with the metal would be one-sixth. We 
can therefore readily see that the number of electrons which would strike 
the oxygen molecules during a single collision would be equal to 1/,v,/v,; where 
v, is the average velocity of the electrons and v, the average velocity of the 
oxygen molecules. The mass of an oxygen molecule is about 58,000 times 
as great as that of an electron. If the temperature of the oxygen and metal 
were the same, the velocity of the electrons would be ¥58,000 or 240 times 
that of the molecules. As the temperature of the oxygen is lower than that 
of the metal, this ratio would be somewhat larger — probably in the neighbor- 
“hood of 400. In this case 4/, v,/v, becomes 67. This represents the number 
of electrons which would strike an oxygen molecule if the average distance 
between the electrons in the metal were equal to the diameter of the oxygen 
molecule. The atomic volume of tungsten is about one-third of the molec- 
ular volume of oxygen. If we should assume that there is one free electron 
for each atom of metal, then we should expect 3 x 67 or 200 electrons to strike 
each oxygen molecule during a collision. The results of our experiments have 
already led us to conclude that the number of collisions is about 30. This 
would indicate that there are about one-seventh as many free electrons as there 
are tungsten atoms. It must be remembered, however, that this conclusion 
has been reached by assuming that no work is required to move an electron 
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from the interior of the metal to the surface where it can collide with the oxy- 
gen molecule. If such forces do exist opposing this motion, then there must be 
more than one-seventh as many electrons as tungsten atoms. In any case, it is 
significant that we find the number of electrons so nearly equal to that of the 
tungsten atoms. 

The question arises as to whether the impact from a smaller number than 
30 electrons might not be sufficient to drive away an oxygen molecule. The 
momentum of a molecule moving with a velocity corresponding to the tem- 
perature T is proportional to WMT. If we take the momentum of the elec- 
trons in the metal at 1600° as unity, we find for the momentums of 


Electrons in metal ............0:e cece cece cece eee eee eeeee 1 
Tungsten atoms in metal ............00ce cece cece eee ees 570 
Oxygen molecules at 300°........ 0... cece e eee eee eee eeee 100 
Oxygen molecules at 1600°......... cece eee ee cence ee eeees 240 


The average momentum taken up by the oxygen is 1004240 or 340. The 
collision of one electron against an oxygen molecule is only capable of giving 
it the momentum 2x1 = 2. It would require, therefore, the impact from 
170 electrons to give the oxygen molecule the velocity it must have when it 
leaves the surface of the metal. This would indicate that about 85% of its 
momentum is obtained by impact against tungsten atoms and only about 
15°% from collisions with electrons. 

We see, then, that our conclusion that each oxygen molecule is struck by 
30 electrons, does not lead us into any inconsistencies, but leads to results 
which are in themselves probable. 


Summary 


1. In order to obtain a vacuum so free from water vapor that a heated 
tungsten filament will not produce appreciable quantities of hydrogen by 
the decomposition of the water vapor, it is necessary during exhaustion to 
heat the bulb to 360° for about an hour and to employ either phosphorous 
pentoxide or liquid air as a drying agent. 

2. By this heating, about 300 cu. mm of water vapor, 20 cu. mm of carbon 
dioxide and 4 cu. mm of nitrogen are evolved from a 40 watt lamp bulb which 
could not be removed from the bulb at room temperature by ordinary means. 

3. A tungsten wire heated in oxygen at low pressures begins to oxidize 
at about 800°K, the oxide forming a brown or blue coating on the metal. By 
heating to about 1200° the oxide volatilizes without dissociation and leaves 
the wire clean and bright. 

4. Above 1200° oxygen at pressures below 0.02 mm acts on a tungsten 
wire at a rate which is strictly proportional to the pressure of oxygen and is 
proportional to the surface of tungsten exposed. The rate increases as rapidly 
with the temperature as do the rates of most chemical reactions at similarly 
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high temperatures. No fatigue effect can be observed and the past history 
of the wire does not influence the results. There is much evidence that no 
film of oxide remains on the metal, but that the oxide distils off to the bulb 
as fast as formed. 

5. The composition of the oxide produced is WO,. 

6. The velocity of the reaction is not affected by varying the temperature 
of the bulb. 

7. The conditions under which this reaction was studied differ in several 
important respects from those that prevail with reactions at ordinary pressures. 
Because of the fact that the normal free path of the molecules of the gas is 
of the same order of magnitude as the dimensions of the bulb, the following 
unusual conditions prevail: 

(a) A molecule of oxygen can strike the filament only once before returning 
to the surface of the bulb. 

(b) The velocity of the oxygen molecules is not affected by the tempera- 
ture to which the filament may be heated. Hence we may say that the metal 
is made to react with a gas at a totally different temperature from itself — 
a thing impossible at atmospheric pressure. 

(c) The product of the reaction, WO,, in diffusing away cannot influence 
the rate at which the oxygen comes in contact with the metal, as would be the 
case at higher pressures. 

These facts make it much easier to study the mechanism of the reaction. 

8. The rate at which the oxygen molecules come into contact with the 
surface of the filament was calculated. This rate gives the maximum possible 
rate of the chemical reaction. The ratio of the actually observed rate to this 
maximum rate is called e. The values of « at different temperatures are given 
in Table IV. They range from 0.0011 at 1270°K to 0.15 at 2770°K. 

9. Applying the principles of the kinetic theory to an analysis of the experi- 


mental data, we are led to the following conception of the mechanism of the 
reaction. 


The oxygen molecules that strike the filament do not react directly with 
tungsten atoms, but as a first step become negatively charged by taking up 
an electron from the metal. On the average, about 30 electrons in the metal 
collide with the oxygen molecule during the time that it is in contact with the 
metal. Only those electrons which have a velocity of 62x 10® cm per sec or 
more, succeed in charging the oxygen atoms. When we say that 30 electrons 
collide with each oxygen molecule, we mean that 30 electrons reach such posi- 
tions with respect to the oxygen molecule that they would combine with it if 
their velocities were greater than 62 x 10* cm per sec. The number of electrons 
in the metal that have velocities as high as this is so small that only a few of 
the oxygen molecules that strike the tungsten become negatively charged. For 
example, with the tungsten wire at 1270°, only one electron out of about 24,400 
has a velocity as high as 62x 10®. Therefore the number of oxygen molecules 
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that receive a charge is only 30/24,400, or only about one out of a thousand. 

The number of electrons in the metal must be at least one-seventh as great 
as the number of tungsten atoms. 

The oxygen molecule, after taking up a negative charge, is held by electro- 
static forces to the positively charged tungsten atoms and soon, by secondary 
reactions, combines with the tungsten and with oxygen atoms to form WO,. 
The present experiments do not throw much light on the nature of these secon- 
dary reactions. 

This theory accounts quantitatively for the observed values of ¢ between 
the temperatures 1270 and 1770°K, and for the fact that e does not depend 
on the temperature of the oxygen. It also leads to several interesting deductions 
which do not appear to be inconsistent with known facts. 

The writer wishes to express his indebtedness to Mr. S. P. Sweetser, who 
has carried out most of the experimental part of this investigation. 


13 Langmuir Memorial Volumes I 
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Journal of the American Chemical Society 
Vol. XXXV No. 8, 931, August (1913). 


II. The Chemical Clean-up of Nitrogen in a Tungsten Lamp' 


Ir Has been previously shown? that small amounts of hydrogen introduced 
into a tungsten lamp with heated filament will slowly disappear. Subsequently, 
a careful study was made of the kinetics of the reaction between a hot tung- 
sten wire and oxygen at low pressure.® 

The object of the present paper is to record some observations made during 
a detailed study of the behavior of nitrogen in tungsten lamps. 

In the manufacture of tungsten filaments it was long the common practice 
to thoroughly sinter the filament by electrically heating it to a very high tem- 
perature in an atmosphere consisting largely of hydrogen. Originally pure 
hydrogen was used; subsequently, to avoid dangerous explosions and to reduce 
cost, mixtures of nitrogen and hydrogen were employed. Both of these gases 
appeared to be completely inert towards the metallic tungsten, even at temper- 
atures close to the melting point of the filament. 

The power required to maintain a tungsten wire at high temperatures in 
nitrogen at atmospheric pressure was determined, and it was thus found that 
the heat conductivity of nitrogen varies with the temperature in the normal 
way. From this it was concluded‘ that nitrogen was not perceptibly dissociated 
into atoms even at temperatures as high as 3500°K. 

It has often been observed that low pressures of nitrogen in a lighted tung- 
sten lamp gradually clean up. This was generally considered to be an electrical 
effect, as it was commonly accompanied by a flash of blue or purple glow and 
had been found to take place much more readily with high voltage lamps. Some 
early experiments showed that part, at least, of this nitrogen could be recov- 
ered as such by heating the bulb. 

Mr. G. M. J. Mackay, of this laboratory, found that even in low-voltage 
tungsten lamps nitrogen cleans up. The rate is extremely slow with filaments 


(Evrtor’s Note: This paper was also published in Z. anorg. Chemie 85, 261 (1914).] 

1 Paper read before the New York Section of the American Chemical Society, Nov. 8, 1912. 
2 J. Am. Chem. Soc. 34, 1310 (1912). 

* Ibid. 35, 105 (1913). ‘ 

“ Ibid. 34, 860 (1912). : : 
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at 2400°K, taking several hundred hours for a cubic centimeter to clean up, 
but it increases greatly at higher temperature. Simultaneously, a brownish 
deposit appears on the bulb instead of the usual black deposit of tungsten. 
Upon opening the lamp and letting in moist air, the brown color gradually 
changes to a muddy gray and a smell of ammonia can be observed. There is 
thus strong evidence that the tungsten combines with the nitrogen to form 
a brown-colored nitride. The question at once arose, why, at very high temper- 
atures and at atmospheric pressures, does not nitrogen attack the tungsten 
filament appreciably ? 

The whole subject of the clean-up of nitrogen in tungsten lamps was there- 
fore investigated. It was soon found that there are three distinct ways in which 
the nitrogen may disappear: 

1. Chemically. —'The nitrogen combines with tungsten vapor (not with 
solid tungsten) to form the brown compound WN,. No fatigue effect can be 
detected. 

2. Electrochemically.— If an electric discharge passes through nitrogen 
and a hot tungsten cathode is used, the nitrogen combines with tungsten to 
form the nitride WN,. No fatigue is apparent. 

3. Electrically. — At very low pressures and high voltages there seems 
to be a reversible clean-up of limited quantities of nitrogen, in which the nitro- 
gen is driven on to the glass in such a form that it can be recovered by heating. 
There are very marked fatigue effects. 

In the present paper only the chemical clean-up of nitrogen will be de- 
scribed. The other two kinds of clean-up will be treated in subsequent papers. 


Chemical Clean-up of Nitrogen 


The chemical clean-up of nitrogen is best observed when a short piece of 
tungsten wire is heated to a temperature of 2700°K, or more, in nitrogen at 
pressures below 0.1 mm. The length of the filament must be such that the volt- 
age required to heat the filaments will be less than 40 volts; otherwise the effects 
are complicated by the electrochemical clean-up. 

If the pressure is measured at regular intervals by means of a McLeod gage, 
it is found that the nitrogen disappears at a constant rate, so long as the filament 
is maintained at a constant temperature. That is, the rate of clean-up is inde- 
pendent of the pressure of the nitrogen. 

Figs. 1 and 2 give the results of two typical experiments of this kind. The 
curve in Fig. 1 shows that the pressure decreases linearly with the time, until 
the pressure becomes as low as about two or three microns. Fig. 2 shows the 
results of a run at higher pressures. In this case the heating of the gas by the 
filament causes an initial expansion, and after the current is turned off the 
filament there is a corresponding decrease in pressure as the bulb and gas cool 
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again to room temperature. At low pressures, as may be predicted from the 
kinetic theory, these effects are much smaller. In calculating the rate of clean-up 
in this second run, the total decrease in the quantity of nitrogen (i.e., 147-108, 
or 39 cu. mm) is divided by the time during which the filament was actually 
lighted (i.e., 108 minutes). 












































2S Minetes. 





Fic. 1. Rate of clean-up of nitrogen. Tungsten wire 36.8 cm long and 0.0071 cm 

diameter in cylindrical bulb 9 cm diameter. Temperature of filament, 2675°K. Points 

experimentally determined. Curve calculated from equation (9) taking S = 0.000435 
and c = 650. 


In Table I is a summary of the results of experiments with pressures of 
nitrogen of 0.1 mm and less. The rates of clean-up were determined from 
readings of the McLeod gage. 

The temperatures were determined indirectly from the formula: 


11,230 
~7.029— log H * a 


Here H is the intrinsic brilliancy of the filament in international candle 
power per sq. cm (projected area).! 

Actually, however, in these low-pressure experiments, since it was incon- 
venient to photometer the lamps connected to the vacuum system, the tempera- 
tures were obtained from the current used to heat the filament. From data at 


T 


1 The derivation of this formula, together with other methods of obtaining the temperature 
of filaments, will soon be published, probably in the Physical Review. 
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hand in this laboratory (based originally on candle power measurements) the 
temperature can then be calculated for a wire of any given diameter. 

During an experiment, as the diameter of the filament gradually became 
smaller by evaporation, the temperature was maintained constant by keeping 
v3|/A_ constant, where V = voltage 
and A = current through the filament. 

With pressures of nitrogen as low as 
0.1 mm and at these high temperatures, 
the cooling of the filament by the gas 
is small — never more than about 20°. 


In Table II are given the results of 
an experiment in which pressures of 
nitrogen ranging from 0 up to 1 mm 
were used. Five low voltage lamps with 
single loop filaments were made up 
and exhausted in the regular way, but 
just before sealing off from the pump 
various pressures of pure dry nitrogen 
(0.044, 0.190, 0.500 and 1.00 mm) were 
introduced. 

The lamps were photometered in : 
the regular way and set up on life test Fic. 2. Rate of clean-up of nitrogen with 
at one watt per candle efficiency and. © Tnssten wire 17.9 cm long, and 0.0129 


7 . f cm diameter, at a temperature of 2640°K 
maintained at constant voltage. At inter- 
vals of about 100 hours they were photometered. There were several indica- 


tions that the nitrogen was gradually cleaning up. In the first place the candle 
power in lamps 3, 4, and 5 gradually increased, while the current decreased. 
Tasie I 


Expt. 281 
Filament diameter, 0.00710 cm; filament length, 36.8 cm; filament effective area, 0.78 sq. cm 


























Rate of clean-up 





Absolute temperature | * Initial pressure | Final pressure Gis tin per fink 
of filament °K MM | MM : Pee 
| per sq. cm _ 
2675 | 0.0065 0.0001 0.62 
Expt. 291 


Filament diameter, 0.0129 cm; filament length, 17.9 cm; filament effective area, 0.67 sq. cm 





~~ Rate of clean-up 











Absolute temperature | Initial pressure Final pressure ca mnmiper min 
of filament °K | MM MM rie F 
! - Lisl, Vicia 
2640 | 0.060 0.045 | 0.51 
2745 | 0.112 0.082 H 1.58 
2745 } 0.108 | 0.096 | 2.06 
2790 | 0.032 . 0.023 2.30 
2820 | 


0.082 0.060 4.18 
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In lamp 1 the candle power decreased from the beginning. This change in candle 
power indicated that the temperature of the filament was increasing, owing 
to the removal of the nitrogen. 























Tass II 
- Expt. 261 
Bulbs, 240 cc. capacity ; filaments diameter, 0.0129 cm; length, 12.0 cm; surface, 0.48 sq. cm 
Pressure Orig. characteristics | Teme: Vv time bad Rate of 
MM Volts | Amps | C.P. | MM |“Tigs? | clean-up 
1 0.00 15.15 | 2.20 33.5 2422 0 
2 0.044 15.4 2.27 34.8 2430 14 a ayes 
3 0.190 15.5 2.31 36.0 2438 60 200 0.0107 
4 0.500 | 16.0 2.37 38.0 2447 158 350 0.0160 
5 1.00 18.1 | 2.27, | 41. 2 2465 316 1000 0.0113 








Secondly, the deposit which gradually accumulated on the bulbs of all the 
lamps was black in lamps 1 and 2, and pure brown in the others. However, 
after about 300 hours, the deposit on No. 3 also began to be black. In No. 4 
the brown became somewhat grayish after 500 or 600 hours, while in No. 5 
the bulb remained clear brown until the end of its life — 1009 hours. 

A third indication of the clean-up of nitrogen was obtained by testing the 
lamps with a spark coil, as is the custom in the manufacture of lamps. From the 
character of the discharge, it was found that the vacuum gradually improved 
and finally, in all but lamp 5, became nearly as good as the vacuum lamps. 

The temperatures in this experiment were calculated from the candle power 
directly, first, however, making correction (about 12%) in the candle power, 
because of the cooling effect of the leading-in wires. In Table II, g is the quan- 
tity of nitrogen in the bulb, expressed in cubic mm at atmospheric pressure. 

The “time to clean-up” is the time at which the spark-coil test first indi- 
cated a fairly good vacuum. These results are only very approximate. 

The rate of clean-up is expressed as before, in cubic mm of nitrogen per 
min per sq. cm of filament surface. 

We see from the above data that the chemical clean- -up of nitrogen takes 
place very slowly indeed, with filaments at their ordinary operating tempera- 
ture. It is only at very high temperatures that the rates become so large that 
they can be measured in intervals of a few hours or minutes. Under such con- 
ditions the life of the filament itself is rather short, due to its evaporation, and 
it is of interest to determine whether there is a definite relation between the 
amount of tungsten evaporated and the quantity of nitrogen that disappears. 

For this reason and also for the intrinsic interest of the subject, a careful 
investigation of the rate of evaporation of tungsten at various temperatures 
was made. 

The results of this work will soon be published in detail. A preliminary 
statement will be of interest here. 
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Rate of Evaporation and Vapor Tension of Tungsten 


It will be shown that the rate of evaporation M of tungsten in vacuum (in 
grams per sq. cm per second) is given by the equation: 
log M = 15.402 — VAM 1 alogT. (2) 
From this the vapor pressure of tungsten (in mm) can be calculated, and 
is found to be 
47,444 


<— —0.9log T. (3) 


log p = 15.502 — F 














Fic. 3. Rate of clean-up of nitrogen as a function of 
the temperature. The points are experimentally deter- 
mined. The curve is calculated by equation (5). 


The latent heat of evaporation (in gram calories per gram atom) at the temper- 
ature T is then 
A = 21,800—1.8T g calories. (4) 


From equation (3) the boiling point of tungsten would be 5110°K. This, 
however, does not take into account the latent heat of fusion. The most prob- 
able value of the boiling is therefore in the neighborhood of 5000°K. 
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At the melting point (3540°K) the vapor pressure is 0.080 mm. At 2400°K, 
the temperatures of the filaments of ordinary lamps running at 1 watt per candle, 
the vapor pressure is 0.8 x 10-*° mm. 

Knowing now the rate of evaporation of tungsten at various temperatures, 
we can test out the theory that the nitrogen combines with the tungsten vapor 
as fast as it is liberated from the filament. Let us assume provisionally that 
the nitrogen molecules combine directly with tungsten atoms to form the com- 
pound WN,. In this case we calculate that 1 gram of tungsten will combine 
with 131 cc. of nitrogen at 20° to form WN, . Hence the rate of clean-up of 
nitrogen (in cubic mm per min per sq. cm) will be 7.86 10* times M. We 
thus obtain for R the rate of clean-up of nitrogen: 


log R = 22.298 — 47-444 1 stop. (5) 

To test out our hypothesis that the nitrogen combines with the tungsten 
vapor to from WN,, the value of R has been plotted (Fig. 3), together with the 
experimentally determined points taken from Tables I and II. 

The agreement is sufficiently good to prove that the temperature coefficient 
of the rate of clean-up of nitrogen is practically identical with that of the rate 
of evaporation of tungsten, and further that the ratio between the amount of 
nitrogen that disappears and the amount of tungsten that evaporates is practi- 
cally equal to the ratio of nitrogen to tungsten in the compound WN,. 


Clean-up of Nitrogen at Higher Pressures 


At pressures above 1 mm the rate of evaporation of tungsten is very mate- 
rially reduced by the presence of nitrogen. At atmospheric pressure the rate 
is only a few per cent of the rate in a vacuum or may even be much less than 
1% (varying according to the temperature). Even at atmospheric pressure, 
however, the tungsten which does evaporate deposits on the bulb in the form 
of the brown nitride. We may therefore conclude that the rate of clean-up is 
still proportional to the rate of evaporation. The rate of clean-up of nitrogen 
must then actually decrease as the pressure of nitrogen increases above one 
mm. 

The following is an example of an experiment at a higher pressure: 

A low-voltage lamp (No. 6025—5) was made up with a single loop filament 
0.0239 cm diameter and 14.0 cm long. The bulb had a capacity of 570 cc. After 
a good exhaust, and before sealing off, nitrogen was admitted to a pressure 
of 20 mm. The lamp was photometered at 1 watt per candle with the following 
results: 

16.1 volts 


6.6 amps 
110.0 candle-power. 
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It was set up on life test at constant current (6.6 amps). After 2330 hours 
it was taken off test and was found to have the following characteristics: 
17.5 volts 
6.6 amps 
78.8 candle power. 
From the change in voltage (8.7%) the decrease in diameter can be shown 
to be 2.9% and hence the loss in weight 5.8%, or since the whole filament 
weighs 122 mg the loss is 7.0 mg. This gives us for the rate of evaporation 


0.80 x 10-°g per sec per sq. cm. 


The temperature of the filament (from corrected candle power) as originally 
set up, was 2518°K. During its life it gradually rose to 2578°. A weighted 
mean of these would be roughly 2550°. If we calculate the rate of evaporation 
in vacuo from equation (2), we obtain 


10.5 x 10-*g per sec per sq. cm. 


The presence of 20 mm of nitrogen thus cuts the rate of evaporation down 
to 7.5% of what it would be in vacuo at the same temperature. 
The total quantity of nitrogen introduced into the bulb was 
20 


760° 570 = 15cc. 


After taking the lamp off test, the tip of the bulb was broken mercury and 
the amount of residual gas found to be about 14 cc. Only about 1 cc. had been 
used up. The chemical equivalent of the 7 mg of W which evaporated from 
the filament, on the basis of WN,, would be 0.9 cc., which agrees well with 
that observed. If we calculate, however, the rate of clean-up from equation (4), 
or in other words calculate the chemical equivalent of the tungsten that would 
have evaporated in vacuo in 2330 hours at 2550°, we obtain 12.1 cc., very 
different from the observed clean-up. 

We thus see that at a pressure of 20 mm both the rate of evaporation and 
the rate of clean-up are cut down to about 8% by the presence of the nitrogen. 


Discussion of Results 


The experiments clearly indicate that nitrogen is chemically inert towards 
solid tungsten, but combines with tungsten vapor as fast as this is given off 
by the solid metal to form the brown compound WN,. This compound is readily 
decomposed by water to form NH, and probably WOs. It appears to be stable 
in a vacuum up to at least 400°, as no change in color occurs on heating a bulb 
covered with the nitride up to the softening point of the glass, nor is there any 
evolution of nitrogen produced by such heating. 

The application of the principles of the kinetic theory enables us to draw 
several interesting conclusions as to the mechanism of the reaction. 
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The Theory of the Clean-up at Very Low Pressures 


The average free path of the molecules in nitrogen at atmospheric pres- 
sure is about 9.5 10-* cm. At a pressure of 0.001 mm the normal free path 
would thus be 760,000 times greater, or 7.2 cm. 


The free path L, of a tungsten atom in nitrogen would be greater than this. 
If L, is the normal free path of a nitrogen molecule, then from the relative 
atomic volumes of tungsten and nitrogen the mean free path of a tungsten 
atom in nitrogen can be shown to be 


|e ee ae (6) 


T, 
1466-2 


where T, is the temperature of the nitrogen and T, that of the tungsten. Thus 
for a filament at 2700° in nitrogen at 300° and 0.001 mm pressure, we have 


L, = 1.59, L, = 11.4cm. 


The bulb used in Expt. 281 was approximately the shape of a cylinder 9 cm 
in diameter, about 15 cm long, with rounded ends. The filament was in the 
form of two loops placed very close to the axis of the cylinder. The minimum 
distance from the filament to the inner surface of the bulb was about 3.5 cm. 
The average distance traversed by a tungsten atom before striking the bulb 
was naturally considerably greater than this, since many of the atoms would 
have large components of their paths parallel to the axis of the bulb. As a first 
approximation, let us assume, however, that the average distance from the 
bulb to the filament is 6 cm. This is only 53% of the average free path of tung- 
sten in nitrogen at 0.001 mm pressure. 

According to Meyer’s Kinetic Theory of Gases, the fraction of the mole- 
cules which travel a distance more than g times the average free path without 
colliding is given by the expression e~*. From this we calculate that at 0.001 mm 
pressure, about 59% of the tungsten atoms pass from the filament to the bulb 
without striking nitrogen molecules on the way, and therefore without oppor- 
tunity of combining with the nitrogen. We therefore conclude that at a pres- 
sure of 0.001 mm the rate of clean-up of nitrogen is only about 41% of that at 
say 0.01 mm, at which pressure practically all of the tungsten atoms collide 
with nitrogen molecules before reaching the bulb. 

We see from Fig. 1 that the rate at 0.001 mm pressure is actually somewhere 
in the neighborhood of 41% —as great as at higher pressures. To test out 
these conclusions quantitatively, let us calculate the shape of the theoretical 
curve giving the relation between the pressure and the time, assuming 
that a certain proportion of the tungsten atoms go to the bulb without 
colliding and that all those that do collide with nitrogen molecules combine 
with them. 
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Let p = pressure at time t. 

S = rate of clean-up in cu. mm per min at such high pressures that 
none of the tungsten atoms reach the bulb without first colliding 
with nitrogen molecules, but at sufficiently low pressures that 
the rate of evaporation of the tungsten is not appreciably decreased 
by the presence of the nitrogen. 

L = average free path at the pressure p (in very large bulb). 

6 = average distance a tungsten atom must travel from filament before 
reaching the bulb, with pressures so low that it does not collide 
with nitrogen molecules. 


b : <8 5 
c= i" constant since L is inversely proportional to p. 


If the pressure is such that all the tungsten atoms collide with nitrogen mole- 
cules before reaching the bulb, then we have 


dp _ 
Peni 
But at lower pressures the fractions e~” reach the bulb without colliding. 
Hence the rate of clean-up would be 


dq ; 
f= -S(1 e-blh) (7) 
or, since 
b 
Lee: 
dp _ a 
7 —S(l—e-°). (8) 


If we integrate this and impose the condition that the pressure is p) when t = 0, 
we obtain 


J—e-c™ 


1 
St= po—p+-—In=—, om (9) 


This equation gives us the pressure as a function of the time, at pressures so 
low that part of the tungsten goes directly to the bulb. 

By trial, values of the constants S and c were calculated which would give 
the closest agreement with the experimentally determined points in Fig. 1. 
These values are 


S = 0.000435 cu. mm per min 
c = 650. 


These were substituted in equation (9) and ¢ and p were calculated, taking 
Po = 0.0065. From the values of p the quantity of gas in cubic mm was ob- 
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tained by multiplying by the ratio 7.1/0.0065. In this way the curve drawn in 
on Fig. 1 was obtained. It is seen that the agreement is good; in fact, within 
the experimental error. 

This calculation gives us, then, an experimentally determined value of 
c from which we can calculate b, the average distance that the tungsten atoms 
must travel before they are deposited on the bulb. For a pressure of 0.001 mm 
L = 11.4, and hence from the definition of c we have 


b6=cLp=7.4cm. 


Since the minimum distance from filament to bulb is 3.5 cm, we see that 
the above result is entirely reasonable. It leads us with considerable certainty 
to the following conception of the mechanism of the reaction: 

1. Practically every collision between a free tungsten atom and a free nitro- 
gen molecule results in chemical combination. . 

2. The tungsten atoms which reach the bulb do not react with nitrogen 
adsorbed on the bulb, nor with any nitrogen molecules which subsequently 
strike the bulb. They deposit on the bulb as metallic tungsten. 

3. It is not necessary that the nitrogen shall have been previously acti- 
vated by the filament in order that combination shall take place. In other words, 
dissociation or ionization of the nitrogen is not necessary for this reaction. 

4. Only one collision is necessary for the formation of the brown nitride. 
The compound is therefore formed by the direct union of a tungsten atom 
with a nitrogen molecule, and hence its molecule contains two atoms of nitro- 
gen. It must also contain only one atom of tungsten, unless one could assume 
that the tungsten evaporated in the form of molecules W, or Ws, etc. The fact 
that the ratio of the quantity of tungsten evaporated to the amount of nitrogen 
cleaned up indicates the composition WN,, would therefore indicate that tung- 
sten vapor is monatomic. 


Theory of the Clean-up at Pressures above 1 mm 

As we have seen, the clean-up at pressures above 0.003 mm and up to 0.1 mm 
is practically independent of the pressure. This indicates that the rate of evapo- 
ration of tungsten is unaffected by such low pressures of gas. At 20 mm pres- 
sures and still more at atmospheric pressure, the rate of evaporation is greatly 
reduced. Both these facts are in complete agreement with the kinetic theory. 

We may safely assume that the real rate at which the tungsten atoms leave 
the surface of the metal is practically independent of the pressure, even up 
to atmospheric pressure. At such high pressures, however, a very large propor- 
tion of the atoms return again to the filament. 

It is evident that with pressures so low that the free path of the tungsten 
atoms is larger than the diameter of the filament, relatively very few tungsten 
atoms return to the filament. At such low pressures, therefore, the rate of evap- 
oraticn is not greatly affected by the gas. 
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On the other hand, when the free path of the tungsten atoms is much less 
than the diameter of the filament, then the chance of the atoms coming back 
again to the filament becomes very great and the rate of evaporation is con- 
siderably reduced, provided the nitride is unstable at the temperature of the 
filament. 

At such high pressures that the free path is an extremely small fraction of 
the diameter of the filament, we may then consider evaporation to be simply 
a diffusion phenomenon in which tungsten vapor (or the nitride) diffuses through 
a layer of definite thickness (at atmospheric pressure of a couple of millimeters) 
of nitrogen. If we knew the diffusion coefficient, the rate of evaporation could 
then be calculated. However, the tungsten vapor (or nitride) in presence of 
a gas, probably does not long remain as a monatomic vapor, or single molecules 
of the nitride, but rapidly forms groups of atoms, or dust particles. The size 
of these particles will depend on the partial pressure of the tungsten vapor, 
and hence on the temperature. At lower temperatures the tungsten atoms will 
be relatively so far apart that they find no opportunity of combining together. 
At high temperatures they form larger particles. The rate of diffusion depends 
to a great extent on the size of the particles, and it becomes very probable that 
the diffusion coefficient at high temperatures is much less than at lower tem- 
peratures. This conclusion is confirmed by rough experiments. Quantitative 
measurements of the rate of evaporation at various pressures and at different 
temperatures are being made and will probably form the basis of a future pub- 
lication. 

The fact that even at atmospheric pressures of nitrogen the deposit on the 
bulb consists of the nitride and not metallic tungsten, indicates that the tung- 
sten vapor combines with the nitrogen before it forms dust particles. The par- 
ticles, therefore, consist of the nitride. It also indicates that the nitride is decom- 
posed into nitrogen and tungsten when it diffuses back to the hot filament. 

The criterion, as we have seen, as to whether the presence of a gas will ma- 
terially diminish the rate of evaporation, is whether or not the free path of 
the tungsten atoms is much greater than the diameter of the filament. At one 
mm pressure the free path is 0.0114 cm. Therefore, for a filament of 0.007 cm 
diameter, the pressure at which the free path would equal the diameter of 
the filament is 0.0114/0.007, or 1.6 mm. Hence, we should expect, between 
the pressures of 0.003 and about 1 mm, that the clean-up of nitrogen would 
be practically independent of the pressure, but above about one or two mm 
pressure, the rate would very materially decrease. The experiments bear out 
this conclusion in a general way. 

Soddy! found that calcium vapor reacted with all gases except the group 
of inert gases, whereas solid calcium reacted only slowly, if at all. In the case 
of calcium, the simplest explanation would seem to be that the metallic cal- 


1 Proc. Roy. Soc. 78, 429 (1907). 
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cium becomes coated with a layer of the compound, which thus limits the rate 
of reaction. The present work with tungsten and nitrogen suggests that the 
reaction, even without a coated surface, would perhaps take place only between 
the vapor and the gas. 

In conclusion, it should be pointed out that this type of reaction appears 
to be a common one among metals heated to high temperatures in gases. The 
writer has found that the behavior of platinum in oxygen at low pressures is 
exactly analogous to that of tungsten in nitrogen. In this case the oxygen does 
not perceptibly attack the platinum, but combines with the platinum vapor 
as fast as this is given off by the wire to form the compound PtO,. The rate 
of loss of weight of the platinum in vacuum and in oxygen at low pressures 
is identical, and the rate of clean-up of the oxygen is independent of the pres- 
sure. These results will soon be published in detail, as will also data on the 
vapor pressures and rate of evaporation of platinum. 


Summary 


1. Nitrogen in a lighted tungsten lamp disappears in three ways: 
Chemically, 
Electrochemically, 
Electrically. 

2. The chemical clean-up depends on the combination of the nitrogen with 
tungsten vapor, to form the brown compound WN,. 

3. From zero pressure up to about 0.001 mm, the rate of chemical clean-up 
is proportional to the product of the rate of evaporation and the pressure of 
nitrogen. 

4. From about 0.003 mm up to about 1 mn, the rate is directly proportion- 
al to the rate of evaporation and independent of the pressure. 

5. At pressures above 2 mm, the rate of clean-up is still directly propor- 
tional to the rate of evaporation, but the rate of evaporation is materially 
reduced by the presence of the gas. 

6. Nitrogen does not, at any temperature, react perceptibly with solid tung- 
sten. 

7. The rate of evaporation of tungsten in vacuo at any temperature T (Kel- 
vin) is given by the equation 
47,444 
= 
where M is expressed in grams of tungsten per second per sq. cm of surface. 

8. The vapor pressure of tungsten in mm of mercury is given by the equa- 
tion 


logy M = 15.402 — —1.4log,T 


logo p = 15.502 — a 


—0.9 log, T. 
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9. The heat of evaporation is very high, namely: 
A = 218,000—1.8T 
gram calories per gram atom. 

10. The vapor pressure of tungsten at its melting point (3540°K) is 0.080 mm. 
The boiling point of tungsten is in the neighborhood of 5000°K. 

11. The following can be said of the mechanism of the reaction: 

The tungsten vapor given off by the filament is monatomic. Each and every 
atom of the tungsten vapor, when it collides with a nitrogen molecule, reacts 
with it to form WN, . The nitrogen does not need to be dissociated or ionized 
before reacting with the tungsten vapor. 

Tungsten atoms which strike the bulb do not react with a layer of adsorbed 
nitrogen if such is present. This may perhaps be taken to indicate that under 
the conditions of these experiments there is no such layer. 

12. The compound WN, in thin layers is a clear, brown color, very differ- 
ent from finely divided tungsten. It is decomposed by water to form ammonia 
and probably WO,,. It is stable in a vacuum at 400°C, but is decomposed at 
a temperature of 2400°K. 

13. The electrochemical clean-up of nitrogen takes place at much lower 
temperatures (1900°K) than the chemical, when potentials much over 40 volts 
are used in a way which causes a perceptible discharge through the gas. No 
fatigue effect occurs and the nitrogen in this case combines with tungsten to 
form WN,. 

14. The electrical clean-up occurs at pressures of 0.005 mm and less with 
250 volts voltage and high filament temperatures. It is very erratic and shows 
marked fatigue effects, sometimes with alternate evolution and clean-up of 
nitrogen as the temperature or voltage is varied. Part, at least, of the nitrogen 
is easily recovered by heating the bulb. 

15. The behavior of platinum towards oxygen is in every way analogous 
to the behavior of tungsten towards nitrogen. In this case, oxygen at low pres- 
sures combines with platinum vapor to form PtO,, but does not attack solid 
platinum. 

In subsequent papers, the following subjects will be treated in more detail: 

The vapor pressure of tungsten. 

The vapor pressure of platinum. 

The determination of the temperature of tungsten filaments. 

The reaction between oxygen and platinum. 

Two new kinds of hydrogen clean-up. 

The electrochemical and electrical clean-up of nitrogen. 

The dissociation of oxygen into atoms. 

The writer wishes to express his indebtedness to Mr. G. M. J. Mackay 
and to Mr. S. P. Sweetser for very great assistance in carrying out this work. 
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Part III 


IN THE course of investigations into the causes of the blackening of tung- 
sten lamps,? the effects produced by the introduction of low pressures of various 
gases have been studied in considerable detail. 

It had been previously known? that the vacuum in a lighted tungsten lamp 
normally improves during the life of the lamp but it was thought that this 
removal of the residual gases was brought about by electrical discharges in 
much the same way as that commonly observed in Geissler and Roentgen ray 
tubes. These experiments have shown, however, that a highly heated tungsten 
filament will cause the disappearance or clean-up of nearly any gas introduced 
into the bulb at low pressure, and that this action, in the great majority of cases, 
is purely chemical in nature. 

The experimental methods that have been employed in these investigations 
are relatively simple. A bulb containing one or more short filaments, usually 
of tungsten, was sealed to an apparatus consisting essentially of a mercury 
Gaede pump, a sensitive McLeod gage for reading the pressures, and an appa- 
ratus for introducing small quantities of various gases into the system and for 
analyzing the gas residues obtained in the course of the experiments. 

By means of the pump, the pressure in the system could be lowered to 
0.00002 mm of mercury. The McLeod gage gave a reading of one millimeter 
on the scale for a pressure of 0.000007 mm of mercury. By means of the appa- 
ratus for analyzing gas, a quantitative analysis of a single cubic mm (at atmos- 
pheric pressure) of gas could be carried out, determining the following constit- 
uents: hydrogen, oxygen, carbon dioxide, carbon monoxide, nitrogen and the 
inert gases. 

The apparatus by which this has been accomplished has been in almost 
daily use for over five years, and during that time a very large number of 


[{Evitor’s Note: A more detailed paper on the same subject published in J. Am. Chem. Soc. 
41, 167 (1919). A similar paper was published as a part of the William H. Nichols Medal Award, 
J. Ind. & Engrg. Chem. 7, 348 1915.] 

1 Paper presented before the New York Section of the American Chemical Society, March 5, 
1915, 

? Trans. AJ.E.E. 32, 1913 (1913). 
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reactions have been studied by its aid. In a typical experiment, after having 
thoroughly exhausted the whole apparatus, a small quantity, usually 5—20 
mm of gas, is introduced and the filament is electrically heated to a definite 
temperature, while readings of the pressure are taken at regular intervals 
(usually one minute). By plotting the pressure readings against the time, 


a curve is obtained which clearly shows how the rate of clean-up varies with 
the pressure. 
A series of such curves are prepared with different filament temperatures 


and with various other changes in the conditions which I shall describe later. 

In this way we have studied the clean-up phenomena with many different 
gases and several different kinds of filaments. Most of the work has been done 
with tungsten filaments, but, in order to get a broader outlook over the field 
of low-pressure reactions, filaments of carbon, molybdenum, platinum, iron, 
palladium, and other metals have also been tried. The principal gases studied 
have been oxygen, nitrogen, hydrogen, carbon monoxide and dioxide, chlorine, 
bromine, iodine, methane, cyanogen, hydrochloric acid, argon, phosphine, 
and the vapors of many substances, such as mercury, phosphorus pentoxide, 
sulfur, etc. 

With each of these gases, conditions can be found, under which a heated 
tungsten filament will cause the clean-up of the gas. The curves obtained in 
the course of the experiments have furnished very complete data for a study 
of the kinetics of the reactions involved. 

It has long been generally recognized that the kinetic of gas reactions afford 
the best, if not the only means of studying the mechanism of reactions, and 
the literature of recent years shows that the velocities of many reactions have 
been investigated with this end in view. 

Very few experimenters, however, have realized that by working with gases 
at extremely low pressures the experimental conditions may be enormously 
simplified and the velocity of the reaction is then much more intimately related 
to the behavior of the individual molecule than it is at higher pressures. 

In fact, by working continually with gases at these low pressures, one soon 
acquires an entirely new view-point and sees almost daily fresh evidences of 
the atomic and molecular structure of matter. The kinetic theory of gases 
then becomes the great guiding principle. According to this view-point, the 
velocity of a reaction is a matter of statistics. The question becomes: Out 
of all the gas molecules which strike the surface of heated filament, what frac- 
tion enter into reaction with it? 

This statistical view-point has become prevalent 2mong physicists within 
the last few years. Without it, the tremendous advances in our knowledge 
of radioactivity, electric conduction through gases, applications of the quan- 
tum theory, etc., would have been impossible. 

In the field of chemistry, however, only a very small beginning has been 
made. Chemistry was the first of the sciences to make use of the atomic theory, 
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and, in fact, the history of chemistry in the last century shows that the great 
advances in both inorganic and organic chemistry were largely dependent 
on this theory. 

The development of physical chemistry, however, took place along rather 
different lines. The remarkable progress which occurred from 1870 to 1900 
was, in a large degree, based upon the applications of thermodynamics to chem- 
istry. Gradually, the idea became prevalent that the atomic theory was only 
a working hypothesis and might perhaps profitably be dispensed with entirely. 
The energy relations of reactions, on the other hand, were considered to be of 
the most fundamental importance. Just about the time that the majority of 
physical chemists had been won over to this view-point the physicists began 
to discover absolute proofs of the existence of atoms and molecules and soon 
showed what remarkable results could be obtained by the applications of sta- 
tistical methods. 

As yet, apparently, very few chemists have awakened to the wonderful 
opportunities that lie open to them on all sides when they attack the problems 
of chemistry by the new methods which the physicists have developed. The 
physicist, on the other hand, is gradually beginning to extend his investiga- 
tions into the field of the chemist and we may hope, if the chemist will but 
meet him half way, that there will result a new physical chemistry which will 
have an even more far-reaching effect on our ordinary chemical conceptions 
than has the physical chemistry of the last decades. 

Perhaps the most noteworthy of the recent attempts to apply statistical 
methods to chemical changes is the work of J. J. Thomson on positive rays. 

Strutt! has studied the statistics of a few gas reactions, in some of which 
his active modification of nitrogen (atomic nitrogen) takes part. Although 
his experimental methods are quite different from those we have used in study- 
ing the clean-up of gases, his results are closely related to some of those we 
have obtained, and I shall therefore have occasion to refer again to this work 
of Strutt’s. 

An excellent example of the study of chemical reactions, by statistical meth- 
ods, and this time by a chemist, is to be found in the work of S. C. Lind? on 
the nature of chemical action brought about by radioactive bodies. 

The reactions which we are to consider this evening are for the most part 
reactions between gases and heated filaments; that is, they are heterogeneous 
reactions involving a solid and gaseous phase. The kinetics of reactions of 
this type have not received the attention which has been accorded to homo- 
geneous reactions. For example, in Jellinek’s recent book on the Physical 
Chemistry of Gas Reactions, 34 pages are devoted to the kinetics of homogeneous 
reactions, but only half of one page to the kinetics of heterogeneous reactions. 


1 Proc. Roy. Soc. (A) 87, 302 (1912). 
* ¥. Phys. Chem. 16, 564 (1912). 
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It was at first thought that the law of mass action could be applied to hetero- 
geneous reactions just as to homogeneous reactions. Experiments soon showed 
however, that other factors than purely chemical ones usually determined the 
velocity of these reactions. Noyes and Whitney! studied the rate of solution 
of solid substances in liquids and concluded that the velocity was dependent 
entirely on the rate at which the dissolved substances could diffuse out through 
the thin layer of liquid next to the solid. Stirring the liquid had the effect of 
thinning this layer and so increased the rate. 

‘Nernst extended this idea and suggested that the velocity of heterogeneous 
reactions in general was limited by the rate of diffusion of the reacting substances 
through a “diffusion layer,” which he considered, under ordinary circum- 
stances, to be of constant thickness. Thus he reasoned that the velocity of these 
reactions, in practically all cases, should be proportional to the concentration 
of the reacting substances. In other words, the reactions should follow the 
laws of monomolecular reactions. Nernst pointed out, however, that it was 
wrong to draw conclusions as to the mechanism of heterogeneous reactions 
from measurements of their velocity. 

Fink,? as a result of his study of the kinetics of the sulfur trioxide con- 
tact process, developed a theory of the mechanism which marked a new step 
in our conceptions of the mechanism of heterogeneous reactions. Bodenstein 
and Fink? successfully applied this theory to a large number of other catalytic 
reactions. 

“This theory differs essentially from Nernst’s, in that the reaction velocity 
is assumed to be limited by the rate of diffusion of the reacting bodies through 
an adsorbed film of variable thickness. Thus, in the case of the reaction 


2S0,+0, = 2S0; 

in contact with platinum it is shown that there is present on the platinum an 
absorbed layer of SO;. The theory assumes that the thickness of this layer 
is at all times proportional to the square root of the concentration of SO; in 
the gas phase; in other words, that there is an adsorption equilibrium. The 
reaction is assumed to take place only at the boundary between the adsorption 
film and the platinum. The oxygen and sulfur dioxide must therefore diffuse 
through the film before being able to react. In this way the theory indicates 
that the velocity of the reaction should be inversely proportional to the square 
root of the concentration of SO, and should be proportional either to the 
concentration of oxygen or to that of the sulfur dioxide (not to both), depending 
upon which is in excess at the surface of the platinum. 

This theory seems to have met with general favor and has been applied 
to the kinetics of many heterogeneous reactions. 

1 Z. physik. Chem. 23, 689 (1897). 

2 Dissertation, Leipzig, 1907; see also Bodenstein and Fink, Z. physik. Chem. 60, 1 (1907). 

* Z. physik. Chem. 60, 46 (1907). 
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The experiments on gas reactions at low pressures which I shall describe 
this evening, have shown that this theory must be modified and that we must 
consider the reaction velocity to be limited, not by the rate of diffusion through 
the adsorbed film, but rather, by the rate at which the surface of the metal 
becomes exposed by the evaporation of single molecules from an adsorbed 
layer one molecule deep. We shall see that the statistical view-point will lead 
us very much further in the understanding of all reactions of this type. 


In interpreting the experimental results, we shall need to make use of some 
of the fundamental principles of the kinetic theory. I should therefore like 
to spend some time in discussing these and in showing their relation to the 
phenomena we shall have to consider. 


We shall refer frequently to low gas pressures, and it will be well at the 
outset to say a word as to the unit of pressure which we shall use throughout. 
It has been customary to measure pressures in mm of mercury, but this is 
really a very arbitrary and inconvenient unit for such work as this. Professor 
Richards, last year at Cincinnati, made a strong appeal to chemists to use the 
C.G.S. unit of pressure, the bar, or the megabar, and enumerated many good 
reasons for doing so. The bar is defined as a pressure of one dyne per sq. cm 
and the megabar is a million times this. The megabar is almost exactly 750 mm 
of mercury and is really more nearly average atmospheric pressure than the 
760 mm usually adopted as standard. A bar is therefore one millionth of an 
atmosphere, or just three-fourths of a thousandth of a mm of mercury. This 
unit is particularly convenient for our purpose, for the pressures we shall 
deal with are usually from 1 to 100 bars. 

According to the kinetic theory, the pressure of a gas on the walls of the 
containing vessel is due to the impact of the rapidly moving molecules against 
the surface. The average velocity (Q) of the molecules is 


Q = f3RT RM (1) 


where T is the absolute temperature, M the molecular weight, and R the gas 
constant (83.2 x 10® ergs/degree). If we substitute the numerical value of R 
in this equation we find 


Q=14,550)T/M_ cm per sec. (2) 


We see that the velocity is proportional to the square root of the tempera- 
ture and inversely proportional to the square root of the molecular weight. 
For oxygen at room temperature (T = 293; M = 32), the average velocity 
of the molecule is 44,000 cm per second, or nearly half a kilometer per second 
(about 30% greater than the velocity of sound). The pressure of the gas being 
produced by the impact of the molecules, is proportional to the velocity of the 
molecules as given above and also to the total mass of all the molecules strik- 
ing the surface per second. If we let m represent the number of grams of 
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gas molecules which strike a unit surface per second, then it can be shown 
that the pressure p is equal to 
p= inmQ. (3) 
From this and (1), we find m to be 
m = M/2xRT p. (4) 

We shall find that this is an equation of very fundamental importance in 
the theory of the kinetics of heterogeneous reactions. It enables us to calcu- 
late the exact rate at which the gas can come into contact with a given surface. 
Substituting the numerical value of R, etc., the equation becomes 

m = 43.74x10-*|/M/T p. (5) 
Here m is expressed in grams per sq. cm per second and is in bars. 

For air (M = 29) at atmospheric pressure (10° bars) and room tempera- 
ture (T = 293), this gives m = 13.8 g per sq. cm per second. This mass of 
air corresponds to about twelve liters. 

Let us pause a moment to consider what this means. In each second, the 
total number of molecules striking a single sq. cm of surface is as great as 
is the number contained in twelve liters of air. Of course, under ordinary 
conditions, the same molecules strike the surface a vast number of times each 
second. As the pressure is lowered, the number of molecules striking the surface 
decreases, but so does the number contained in a given volume. Thus we see 
that no matter what the pressure, the number of molecules which strike a single 
square centimeter of surface in a second is the same as that contained in twelve 
liters. 

According to Millikan’s recent accurate determinations, there are 2.488 x 
10° molecules in a cubic centimeter of any gas at 20°C and one megabar 
pressure. The lowest pressures that have been produced and measured are 
about 0.001 bar, or 10-® megabars. Even in this remarkably good vacuum, 
there are still 2.510! molecules per cubic centimeter. However, when we 
consider that the average distance between the molecules under these conditions 
is about 0.02 mm, a distance about equal to the diameter of the filament of 
a small tungsten lamp, we realize that the gas must behave very differently 
from a continuous medium. 

For many calculations the number of molecules per g molecule is a very 
convenient number. According to Millikan’s data, this’is 6.062 10%. For 
example, from this figure we can calculate (by Equation 5) the number of 
molecules of a gas which strike a sq. cm of surface per second. We find this 
number to be 

n= 2.652x 10%/ MT. (6) 


Very little is known about the diameter of molecules. The question itself 
probably has little meaning, for molecules are certainly not spheres, but are 
complex structures of electrons having no definite geometrical shape which 
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can be adequately characterized by a single dimension. We do know, accurately, 
however, the distances between adjacent molecules in crystals, and in gases 
we know approximately how close the centers of molecules can approach 
during collisions. For oxygen, this distance, which, for convenience, we may 
call the diameter, has been found to be 2.7 x 10-8 cm. If we assume that these 
molecules are arranged in a single layer on a surface, much as the cells in honey- 
comb are arranged, it can be readily shown that the total number required 
to cover a square centimeter is 1.6 x 10%. 

The area covered by each molecule is the reciprocal of this, or 6x 10-16 
sq. cm. We already know, by Equation 6, how many molecules strike a sq. 
cm per second, so to find how many molecules from the gas strike a given 
molecule on the surface we need only to multiply by 6x 10-*. We thus find, 
for the case of oxygen at room temperature and at a pressure of one bar, that 
an oxygen molecule on the surface would be struck by 170 molecules from 
the gas every second. Similarly, if the surface were originally free from oxygen 
and every oxygen molecule striking the surface should stick, it would take 
approximately only #/,,9 of a second to cover the surface with a layer one mole- 
cule deep. Even at 0.001 bar pressure, the lowest pressure that has been meas- 
ured, it would require only about 6 seconds to form such a film. This explains 
the difficulty of preparing surfaces in vacuum which are not contaminated 
by gas. 

A very fundamental conception is that of evaporation. By means of Equa- 
tion 4 we may obtain a relation between the vapor pressure of a substance and 
its rate of evaporation. When a substance is in equilibrium with its saturated 
vapor the vapor is condensing on the substance at the same rate as the latter 
is evaporating. Now if we assume that every molecule of the vapor striking 
the surface condenses, then Equation 4 gives us the rate (m) at which the vapor 
must condense. This must be equal to the rate at which the substance evap- 
orates. 

Let us now consider the essential differences between the conditions in 
our low pressure experiments and those that would prevail if higher pressures 
were used. 

At pressures as high as atmospheric pressure, convection currents set up 
by the filament introduce very serious complications. At pressures of a tenth 
of a megabar or less, convection currents become negligible for most purposes, 
but the problem is still complicated by the sharp temperature gradients that 
occur in the gas around the wire. At ordinary pressures, unless the velocity 
of the reaction is extremely small, the rate of reaction will be determined 
largely, if not wholly, by the rate at which the reacting substances can 
diffuse to the surface and the products diffuse out. Under.these circumstances, 
we should expect Nernst’s theory to apply in general, but in this case we are 
really not measuring the velocity of a chemical reaction at all; we are merely 
measuring a diffusion coefficient in a gas. 
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On the other hand, at pressures as low as 10 bars, diffusion may be con- 
sidered as practically infinitely rapid. At this pressure the average free path 
of the molecules of most gases is very close to 1 cm. This is so large, compared 
to the diameter of the wire, that it is evident that the molecules leaving the 
wire can in no way interfere with those approaching it. Under these condi- 
tions the gases don’t need to diffuse through each other in the ordinary way. 

At such low pressures as these we may, in fact, look upon the gas as con- 
sisting of a swarm of molecules which are independent of one another. The 
velocity of the molecules around the filament is then determined by the temper- 
ature of the bulb and is entirely independent of that of the filament. There 
is thus no temperature gradient in the gas around the filament. The average 
velocity of the molecules striking the filament is definitely known and, in case 
two or more gases are present, the relative numbers of each kind of molecules 
striking the filament are also known, no matter how rapid the reaction may be. 

An interesting feature, possible only with reactions at very low pressures, 
is the fact that the temperature of the molecules striking the filament is differ- 
ent from that of the filament itself. At ordinary pressures, because of the 
heat conductivity of the gas, the molecules striking a solid body are, of course, 
always at the same temperature as the body itself. This opens up new possibil- 
ities in studying the kinetics of reactions. The effect of separate variation in 
the temperature of two reacting substances can thus be studied. If it is the 
impact of the gas molecules against the surface of the filament which deter- 
mines the velocity of the reaction, then this velocity should depend much 
more on the temperature of the bulb than on that, of the filament, since the 
impact depends on relative velocity, and the velocity of the heavy tungsten 
atoms, even at high temperatures, is much less than that of ordinary gas 
molecules at room temperature. On the other hand, if the reaction velocity 
is determined rather by some condition of the surface of the filament, then 
the effect of bulb temperature will usually be negligible. 

Another result of the use of low pressures is that the molecules of the prod- 
ucts of a reaction, when they leave the filament, do not return again until 
after having made many collisions with the bulb. If the substance formed 
is a nonvolatile solid, or can be condensed by cooling the bulb in liquid air, 
it is thus possible to make certain that the reaction does not take place as the 
result of two collisions, but necessarily occurs in one. In this way also it should 
be possible to produce many compounds which are very unstable at the tem- 
perature of the filament. 

At sufficiently low pressures (about 1 or 2 bars) the molecules leaving 
the filament travel directly to the bulb without striking any other molecules 
on the way. Naturally, they have no chance of giving up any energy on the 
way to the bulb, and therefore (if we can speak of the temperature of a single 
molecule) reach the bulb with the same temperature as that with which they 
left the filament. This must produce the most sudden cooling possible, and 
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there is then the minimum chance for the decomposition of the product 
formed if it happens to be unstable at some temperature between that of the 
filament and that of the bulb. 

Another important advantage in working at low pressures is that the veloc- 
ity of even the most rapid reactions in this way can be slowed down sufficiently 
so that they can be studied quantitatively. The heat liberated by the reaction 
on the filament is usually so small that it is not noticeable, or at any rate is 
not so large but that isothermal conditions may be maintained. 

The theories of the mechanism of reactions that I will describe in connec- 
tion with the experiments have been gradually developed during the last three 
or four years. To-night I shall discuss only the purely chemical evidence, but I 
should like to point out that the idea that the reaction velocity depends not 
upon the thickness of the adsorption layer, but upon the extent to which the 
surface is covered by it, was based upon experiments on the electron emission 
from heated tungsten wires in high vacuum. The evidence of the existence of 
such monomolecular layers in these experiments was very striking and the 
electron emission was found to depend entirely upon the extent of the uncov- 
ered part of the surface. A preliminary account of this work was published 
in 1913.1 I expect later to publish the results of the more recent expe1iments 
and to show that in the measurement of the electron emission from heated 
wires there is opened up a powerful method of studying the properties of films 
so thin that they only partly cover the surface with a layer one molecule deep. 

We are now in a position to consider more in detail the reactions which 
occur when a gas is “‘cleaned-up” by a heated filament. These reactions may 
be divided into four distinct classes, which we shall consider separately. The 
four types of reaction are those in which: 

1. The filament is attacked by the gas. 

2. The gas reacts with the vapor given off by the filament. 

3. The filament acts catalytically on the gas, producing a chemical change 
in the gas without any permanent change in the filament. 

4. The gas is chemically changed, or is made to react with the filament 
by means of electrical discharges through the gas. 


I. Direct Attack of the Filament 


1. Clean-up of Oxygen by a Tungsten Filament* 

The action of oxygen on a tungsten filament is one of the best examples 
of this type of reaction. In air at atmospheric pressure tungsten begins to oxi- 
dize at about 40C—500°C and becomes coated with an iridescent film much 
as steel does. At higher temperatures the oxidation becomes rapid and a scale 
of the yellow oxide WO, forms on the metal. At temperatures above 1500°K 


1 Phys. Rev. 2, 450 (1913). 
3 J. Am. Chem. Soc. 35, 105 (1913). 
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the oxide volatilizes so rapidly that it forms a dense, white smoke. Under such 
conditions the rate of oxidation evidently depends on the rate at which the oxy- 
gen can diffuse up to the surface of the metal through the nitrogen and through 
the layer of oxide on the surface. Such a large number of factors is involved 
that it would seem very difficult to derive much information as to the mecha- 
nism of the chemical reaction from experiments at these high pressures. 

The case is quite different, however, when we study the action of a heated 
tungsten filament on oxygen at a pressure as low as, say, 100 bars. We then 
find that at temperatures above about 1200°K the tungsten is attacked pro- 
ducing the yellow oxide WO,, but that this distils off as fast as it is formed, 
leaving the surface clean and bright. : 

The pressure of oxygen decreases in the manner shown in Fig. 1. The 
rate of clean-up is initially high, but gradually becomes smaller as the oxygen 
pressure becomes less. It is found that the slope of this curve at any point is 
proportional to the pressure at that point. In other words, the velocity of the 
reaction is proportional to the pressure. This is the law according to which 
a monomolecular reaction proceeds, and is also the law which Nernst found 
to hold for reactions in which the velocity was limited by the rate of diffusion. 


Time 
Fic. 1. Typical curve for the clean-up of oxygen. 


By Equation 5 we can calculate the rate at which the oxygen at a given 
pressure comes into contact with the filament. We can then compare this 
rate with the rate found experimentally for the same pressure. By divid- 
ing the two, we find what fraction of all the molecules that strike the filament 
react with it. Let us call this fraction e. Of course this fraction must be less 
than unity, for the reaction cannot possibly take place more rapidly than the 
rate at which the molecules can come into contact with the surface. Experi- 
mentally, we have shown that the rate of clean-up is proportional to the pres- 
sure. Since the rate at which the molecules strike the filament is also proportio- 
nal to the pressure by (5), it is evident that € is the same at all pressures in the 
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range covered by the experiments. Table I shows the values obtained for e 
from experiments at different filament temperatures. We see that € is always 
less than unity, as of course it must be, but at the highest temperatures it seems 
to be approaching a limit which is below unity. At the lowest temperatures ¢€ 
has a very large temperature coefficient, much higher than if we were dealing 
with a reaction of the types studied by Nernst with a diffusion film of con- 


stant thickness. 
Tase I 


Rate of Clean-up of Oxygen 
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Experiments were made with the bulb cooled by liquid air and also heated 
to 300° in an oven. The rate of reaction was found to be independent of the 
bulb temperature. 

Let us now examine these experimental data and see what conclusions 
can be drawn as to the mechanism of the reaction. 

Since the oxide formed is WO,, it is evident that at least two molecules 
of oxygen must react with each atom of tungsten. 

There are two possibilities to consider. Either both the oxygen molecules 
simultaneously stfike a single tungsten atom or else an oxygen atom or molecule 
aes already be present on the surface at the point where the second molecule 
strikes. 

We have already seen that the number of oxygen molecules striking the 
surface per second within an area of molecular dimensions is 170xp. The 
velocity of the molecule is 44,000 cm per sec. If we consider a molecule which 
strikes the surface and rebounds, the length of time it remains within molec- 
ular dimensions of the surface is the time taken to travel twice the diameter 
of the molecule, or 5.4 10-® cm. In other words, the duration of a collision 
is only 1.2x10-1* seconds. Since there are 170xp collisions per second, the 
total time in each second during which molecules are present at a given point 
is 170x1.2x10-? p or 2.1X10- p. This gives us directly the probability 
that a molecule striking a given point on the surface will find a molecule of 
oxygen already present. Thus, if we had to depend on simultaneous collisions 
we see that € could not exceed 2.1 10-° p. This is vastly less than the values 
of € actually observed. At a pressure of 10 bars this would give for e a value 
of only 2x 10-°, whereas at the higher temperatures we have found values 
as high as 0.15. A further objection to the hypothesis of simultaneous colli- 
sions is that it would lead to values of ¢ which are not independent of the 
pressure. With this hypothesis, the reaction velocity would be proportional 
to the square of the pressure (bi-molecular reaction). 

We must therefore conclude that the oxygen molecule striking the sur- 
face reacts with those already present. There is thus definite proof that some 
sort of film containing oxygen is present on the surface. 
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This film, however, cannot be in equilibrium with the space around it, 
as was assumed in Bodenstein and Fink’s theory. Since the oxide formed 
travels directly to the bulb and condenses, there is no possibility that any 
appreciable number of molecules of oxide return to the filament. 

On the other hand, it is not possible to assume that each molecule of oxy- 
gen striking the filament remains there a short but indefinite time before 
distilling off. In this way it would be possible to account for any given value 
of ¢, but the velocity of the reaction would then be proportional to the square 
of the pressure rather than the first power. 

From another point of view, we also must conclude that there is a film 
on the surface which determines the velocity of the reaction. We have seen 
that at the lower temperatures only a small fraction of the molecules which 
strike the filament react. According to the ordinary conception of a reaction 
in a homogeneous system, it is the relative velocity of two molecules with 
respect to each other at the moment of contact which largely determines whether 
or not they will react. The higher the relative velocity, the greater the 
chance of reaction is supposed to be. The experiments in the present case have 
shown that the rate of reaction does not depend on the relative velocity of the 
molecules, since changing the temperature of the bulb had no effect. What 
is it, then, that determines whether a given oxygen molecule shall react or 
not? It must be something that depends solely on the condition of the surface 
of the filament. : 

We have just seen that the older theory, which supposes that it is the thick- 
ness of an adsorption film which determines the velocity, leads us into diffi- 
culties. Let us now look upon the problem from the point of view of the new 
theory, according to which the adsorption film is only one molecule thick. 

Since the experiments have shown that ¢ is independent of the pressure, 
it is natural to assume that the condition of the surface responsible for determin- 
ing the reaction velocity, is also independent of the pressure. This require- 
ment would be met if we assume that the surface film covers the surface nearly 
completely and consists of two kinds of molecules in thermal equilibrium with 
each other. One of the kinds of molecules is to be regarded as capable of reacting 
directly with the oxygen striking the surface, while the other is incapable of 
so doing. The conclusion that the surface must be nearly completely covered 
with an adsorption film of oxide is based largely on experiments on the electron 
emission, where it is found that a pressure of oxygen even as low as 0.01 bar 
cuts the electron emission from tungsten at 1900°K, down to less than 1% 
of its value in the absence of oxygen. 

In formulating the above theory more precisely we may proceed as follows: 

Let us assume that of all the oxygen molecules striking the bare surface 
of tungsten, the fraction a is absorbed or sticks to the surface, the fraction 
1 —a being reflected or rebounding from the surface. Only a very small frac- 
tion of the surface, however, is bare and we may assume that the oxygen mole- 
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cules striking a surface already covered, are not absorbed in this way. If we 
let 6 represent the fraction which is bare, then of all the oxygen molecules 
striking the whole surface only the fraction a@ is absorbed. Now the rate at 
which the oxygen molecules strike the surface is given by Equation 5 and 
we see that it is proportional to the pressure. We thus see that the rate at which 
oxygen is absorbed by the surface is 


abp 


if we neglect for convenience the constant factor in Equation 5. 

To form a more concrete picture of the mechanism of the reaction, let us 
assume that the oxygen on the surface is at first in the form of the compound 
WO,, but that this reacts with the tungsten in contact with it to form 2 WO, 
and that this reaction is reversible and that equilibrium prevails between the 
two compounds.} According to the law of mass action, the surfaces covered 
by the two compounds will have to fulfill the relation 


6, = KO, 


where K is the equilibrium constant and 6, is the fraction of the surface cov- 
ered by WO, and 4, is the surface covered by WO. 

It is now natural to assume that if oxygen striking the surface collides with 
a WO, molecule, no reaction takes place, but that when the oxygen strikes 
a WO molecule it reacts to.form WOs, which distills off. Of all the O, molecules 
striking the WO we may, for the sake of generality, assume that only the frac- 
tion €, reacts. 

From these considerations it is easy to state the problem mathematically 
as follows: 


abp = 1/202¢2p (7) 
0, = K@, (8) 
6+6,+6, =1 (9) 


The first equation states simply that the rate at which the oxygen is ad- 
sorbed is equal to the rate at which it is removed by the reaction. The coefficient 
1/, is necessary because each molecule of oxygen striking the filament only 
removes one atom (}/, molecule) of oxygen from it in forming WO;. The 
second equation merely expresses that equilibrium exists between the WO, 
and the 2WO, and the third equation states that the bare surface is equal to 
that which is not covered by the WO, and the WO. For a more general solution 
of the problem we may also take into account the fact that the WO, and the 
WO are probably evaporating or dissociating to some extent and that the WO, 


1 This assumption of the existence of the compounds WO and WO, on the surface is made 
only to form a picture of a possible mechanism. It is much more probable that the oxygen atoms 
are chemically combined with tungsten atoms which form the surface of the filament and which 
are part of the “‘space lattice” of the tungsten crystals. 
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that is formed requires some time before it evaporates. The equations obtained 
in this way are more complicated than those above, but can easily be worked 
out. The results in the present case are not essentially different from those 
we obtain by the above equations. 

From the three equations above we may eliminate 6, 6, and thus obtain 


2a 
03= SoaKF I) (10) 
The rate R at which oxygen is converted into WO, is 
3 
7 &20ep 
or 
3ae,p 
R = —_ 2 11 
@,2a(K +1) (11) 


This shows that the rate of clean-up by this theory is proportional to the 
pressure, in agreement with the experiments. If every oxygen molecule which 
struck the filament reacted, the rate of clean-up would be p (neglecting the 
same constant factor as before) and hence the value of e which we determined 
from the experiments and have given in Table I, would be 


3ae, 


= GF 2a(KF 1) 


This is independent of the pressure. It is probable that ¢, and a are nearly 
independent of the temperature and that the large temperature coefficient 
of € is due to that of K. Thus, at low temperatures, K must be very large, 
which means that the amount of WO in equilibrium with the WO, is very 
small. As the temperature rises, K decreases and e therefore increases, but 
finally reaches a limiting value, 





3a€, 
tue = S85 (13) 
which is always less than unity. This is in splendid agreement with the experi- 
ments. In order that ¢,,, may be as large as 0.2, the value estimated from 
Table I, it is necessary that e, shall be greater than 0.2 and that a shall be 
greater than 0.1. That is, at least 0.2 of the O, molecules, colliding with WO 
molecules must react and at least 0.1 of the oxygen molecules striking the 
bare surfaces must be absorbed or react to form WO,. 

By this theory it may be predicted that with still higher filament tempera- 
tures € will begin to decrease when a point is reached at which the WO, and 
WO evaporate or dissociate so rapidly that only a small fraction of the surface 
is covered. For similar reasons it may be predicted that e cannot remain in- 
dependent of the pressure down to the lowest pressures. There is excellent 
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experimental evidence that the last prediction is in accord with the facts. It 
is found that an extremely low pressure, probably less than 0.001 bar, of oxy- 
gen in a tungsten lamp not only does not perceptibly attack the filament, but 
actually prevents the tungsten which evaporates from discoloring the bulb. 
This action is probably due to the dissociation of the WO on the filament 
producing atomic oxygen which, traveling to the bulb, reacts with the depos- 
ited tungsten even at room temperature, to form WO. In a later paper I hope 
to take up this point in more detail and consider the phenomena quantita- 
tively from the view-point of the theory I have outlined this evening. 

I have spent much more time on this reaction between tungsten and oxygen 
than its experimental importance warrants, but I wished to illustrate by it 
in some detail the application of the theory of molecular films. 


2. Reactions between Chlorine and Tungsten 

Chlorine at low pressures attacks tungsten, forming WCl,. The velocity 
of the reaction reaches a maximum at about 1500°K and becomes extremely 
small at higher temperatures. This is undoubtedly to be explained by the 
dissociation of some of the intermediate products which are necessary steps 
in the formation of WCI,. The chlorine leaving the filament is largely dissoci- 
ated into atoms under these conditions and produces some extremely interesting 
effects which I shall discuss more in detail a little later. 


3. Reactions between Carbon and Oxygen 

It has long been a disputed question whether carbon monoxide is a direct 
product of the oxidation of carbon or whether it is formed only by the inter- 
action of carbon with carbon dioxide produced as a primary product. 

By heating a carbon filament in oxygen at very low pressures in a bulb 
immersed in liquid air, a definite answer to this question is readily obtained. 
If carbon dioxide is produced and leaves the filament, it must travel directly 
to the bulb and there be condensed at the low temperature of liquid air where 
the vapor pressure of carbon dioxide is barely measurable. The filament there- 
fore never comes in contact with carbon dioxide. 

The first experiments showed that the phenomena involved in the oxida- 
tion of carbon are very complex as compared with those of the oxidation of 
tungsten. With tungsten the results were always accurately reproducible, 
but with the carbon filaments the rate of clean-up depended entirely upon 
the previous history of the filament. 

In the experiments metalized carbon filaments were used. These consist 
of a highly graphitized carbon of the highest attainable purity (ash about 0.01%). 
After mounting in the lamp the filament was heated in a high vacuum for 
several hours until it ceased giving off measurable quantities of gas. Small 
quantities of oxygen at a pressure about 5-10 bars, were admitted and the 
rate of clean-up with different filament temperatures was noted. 
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With the filament at 1220°K the oxygen began to disappear very rapidly, 
but soon slowed down to a rather uniform slow rate. At this temperature the 
whole of the oxygen gradually disappeared and CO,, without a trace of CO, 
was formed. The amount of CO,, however, was considerably less than the 
equivalent of the oxygen which disappeared. On adding a second supply of 
oxygen the rate of clean-up was very much slower than the first time. After 
three or four treatments the rate of clean-up finally became reproducible. 
On raising the filament temperature to 1700°K the rate of clean-up increased 
again, but gradually decreased as before. In the first treatment, at 1700°K, 
all the oxygen disappeared and no CO was formed, but in subsequent treat- 
ments at the same temperature there began to be formed increasing amounts 
of CO. After five or six runs in oxygen, pumping out the residues of CO each 
time, the pressure would decrease only 10 or 20% when the filament was 
lighted in a fresh supply of oxygen, and would then increase until finally a res- 
idue of pure CO would remain, having a volume usually about 30% greater 
than that of the oxygen used. 

If the filament was now heated in vacuum, it gave up CO extremely slowly 
at 1700°K, but at 2200°K the evolution was much more rapid, although even 
at this temperature from half an hour to an hour was required before the evo- 
lution ceased. The total amount of CO so obtained usually amounted to 3-5 cu. 
mm. After having thus heated the filament in vacuum, the first run in oxygen 
with the filament at 1700°K gave nothing but carbon dioxide, but the runs 
following this gave, as before, an increasing amount of carbon monoxide. 

With the filament at 2100°K in oxygen, there was always a large quantity 
of carbon monoxide produced, even in the first run. 

These experiments seem to show that when oxygen acts on carbon at, say, 
1200°K, part of the oxygen reacts to form CO,, but another part forms an adsorp- 
tion layer of some sort on the surface which retards the velocity of the reac- 
tion. This adsorption layer is probably chemically combined with the carbon, 
presumably as an extremely stable solid oxide of carbon. 

At higher temperatures the rate of formation of this adsorption layer increases 
rapidly. When a sufficient quantity has accumulated this compound begins 
to decompose, forming carbon monoxide, the higher the temperature the more 
rapid being the formation of this gas. 

Judging from the great stability of this adsorption layer, which enables 
it to be heated for half an hour at 2200°K in the highest vacuum without being 
completely decomposed, a plausible guess as to its constitution is that it con- 
sists of oxygen atoms chemically combined with the carbon atoms which form 
the surface of the filament. According to our recent knowledge of the structure 
of solid bodies, we have the best of reasons for believing that the atoms of solid 
bodies are held together directly by chemical forces and that a crystal must 
be looked upon as a single molecule. The carbon atoms in the filament must 
thus be considered as forming endless carbon chains with each other. It is 
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probably due to the great stability of these carbon chains that carbon has such 
a low vapor pressure and such a high melting point. In the present case, if 
we consider the oxygen atom to be chemically combined with one of the outer 
carbon atoms, we have a structure that could be represented by the formula 


o oO 0 O 
ft ft td ygen | 
d rN G c oxygen layer 
L\Z\NZNLN 
Cc Cc Cc Cc Cc body of filament 


This hypothesis would seem to afford an unforced explanation of the extra- 
ordinary difficulty of removing oxygen and hydrogen from carbon. 

Experiments were also made to study the action of the heated carbon fila- 
ment on carbon dioxide and monoxide. 

With carbon dioxide at 1220°K no change occurred but at 1700°K carbon 
monoxide was formed at first slowly and then gradually more rapidly. The 
total volume, however, usually remained nearly constant, showing that the 
reaction was not 

CO,+C = 2CO, 
but was rather 
coO,.4+C=CO + CO. 
(gas) (adsorbed on carbon) 

On the other hand at temperatures up to 2400° there was never any per- 
ceptible change in volume when the filament was heated in carbon monoxide, 
showing that the adsorbed compound is not formed by adsorption of carbon 
monoxide. 

These results should be looked upon merely as preliminary results, and 
I hope to be able to present further details of the experiments with carbon 
and oxygen at a later date. 


II. Reactions with Vapor from Filament 


Clean-up of Nitrogen by a Tungsten Filament.1— When a tungsten filament 
is heated to 2700 or 2800°K in nitrogen at low pressure, the nitrogen slowly 
disappears at a rate which is independent of the pressure. Fig. 2 gives a good 
example of the way the pressure decreases in a typical experiment. At the high 
temperatures employed in these experiments it has been found that the fila- 
ment evaporates fairly rapidly. A comparison of the amount of nitrogen cleaned 
up with the loss of weight of the filament, showed that the ratio was the same 
as that in a compound of the formula WN,. This ratio still held if the temper- 
ature of the filament was raised several hundred degrees, where the rate of 


19. Am. Chem. Soc. 35, 931 (1913). 


zed fe gle UNIVERSITY OF CALIFORNIA 


Chemical Reactions at Low Pressures. III 225 


clean-up was over four hundred times more rapid. Measurements showed 
that the rate of loss in weight of the filament in low pressure nitrogen was the 
same as in vacuum, so it was evident that the nitrogen did not attack the fila- 
ment. 

In these experiments the tungsten does not collect on the bulb as the usual 
black deposit, but was of a clear, brown color. On opening the bulb and admit- 
ting moist air the brown color disappeared and a strong smell of ammonia 
was observed. 


~. 
Time 


Fic. 2. Typical curve for the clean-up of nitrogen. 


It is evident that the nitrogen in this case combined with the tungsten vapor 
as fast as it is given off. By working at such low pressures that only a few of 
the tungsten atoms collided with nitrogen molecules on the way to the bulb 
it was proved that practically every collision between the nitrogen molecules 
and tungsten atoms resulted in the formation of the compound. In other words, 
the coefficient ¢ is unity. We are here dealing then in reality with a bimolecular 
homogeneous reaction of maximum possible velocity. 

The true reaction velocity is independent of the temperature. What is meas- 
ured in the experiment is only the rate at which the tungsten evaporates. 

Recent experiments have shown that the rate of clean-up of the nitrogen 
at higher pressures is the same whether the bulb is heated to 300°C or is cooled 
in liquid air. But at lower pressures an interesting difference occurs, which is 
shown by the dotted curve in Fig. 2. With the bulb at room temperature the 
curve departs from the straight line at the lower pressures because the nitrogen 
molecules become so scarce that a large fraction of the tungsten atoms strike 
the bulb without colliding with nitrogen molecules. From the agreement between 
the calculated and observed curves at the lowest pressures, it was reasoned 
(in the paper on the nitrogen clean-up) that the tungsten atoms striking 
the glass deposit as such, do not combine with nitrogen. This suggested that 
few, if any, nitrogen molecules are present on the glass at room temperature. 
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The more recent experiments now prove that when the bulb is cooled in liquid 
air the tungsten atoms do combine with nitrogen even if the pressure is so 
low that they do not strike them on the way to the bulb. The shape of these 
curves at low pressures proves that the glass surface, or rather that of the tung- 
sten nitride layer on the glass, at liquid air temperature is covered by an ad- 
sorbed film of nitrogen, but at room temperature it is not. This method can 
even be used to calculate quantitatively the fraction of the surface that is cov- 
ered by the nitrogen at any given temperature. 

Clean-up of Nitrogen by a Molybdenum Filament. — Molybdenum evapo- 
rates much more readily than tungsten, and it was thought that nitrogen would 
therefore be cleaned up more easily by a molybdenum than by a tungsten fila- 
ment. This was not found to be the case. On further investigation it was found 
that the molybdenum lost weight at the same rate as in vacuum and that the 
rate of clean-up was independent of the pressure, as in the case of tungsten, 
but that the amount of gas cleaned up was only about one-tenth of that which 
would have been observed if every molybdenum atom combined with a nitro- 
gen molecule. 

Under these conditions we should expect that the rate of clean-up would 
vary with the pressure, for the higher the pressure the more collisions the molyb- 
denum atoms must make with the nitrogen molecules before striking the bulb. 
In order to account for the fact that the rate of clean-up is independent of the 
pressure, it is necessary to assume that if combination does not take place during 
the first collision it does not take place at all. The question arises: What is the 
difference between the first and the subsequent collisions which can account 
for the different behavior in the two cases? Since the nitrogen molecules are 
the same in both cases, the difference must lie in the molybdenum atoms. Now, 
according to our ordinary conceptions, atoms can differ from each other only 
in respect to their translational velocity.1 Since the velocities of the molyb- 
denum atoms leaving the filament are higher than those after collision with 
nitrogen molecules, it would seem that this could readily explain the fact that 
combination can occur only on the first collision. 

If this were the case, then raising the temperature of the filament should 
increase €; that is, the percentage of successful collisions. Actually, however, 
the reverse was found. By lowering the filament temperature 100°, ¢ increased 
from 0.11 to 0.33, and by raising it 100°, « decreased to 0.05. The effects of 
varying the bulb temperature were still more striking. With the bulb in liquid 
air, e became about 0.4 and by heating the bulb to 270°C e€ became 0.01. 

In other words, the reaction velocity has a very marked negative tempera- 
ture coefficient; there is thus a much larger fraction of successful collisions 
if the relative velocities of the nitrogen molecules and molybdenum atoms are 
small at the moment of collision. 


1 Experiments show that neither the nitrogen nor the molybdenum is electrically charged. 
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This, however, makes it still more difficult to explain why the reaction can 
occur only at the first collision, for it would seem that if the first collision were 
unsuccessful the subsequent collisions would be more likely to result in com- 
bination because the velocities would then be lower. 

I think the solution of this difficulty is to assume that the first collision 
always results in a union of the nitrogen and molybdenum so that they travel 
together to the bulb, but that this union may occur in one of two ways, depend- 
ing upon the relative velocity of the molecule and atom at the moment of their 
collision. If the relative velocity is high, the union is so weak that the two com- 
ponents fall apart when the unstable molecule strikes the bulb. On the other 
hand, if the relative velocity at the moment of contact is small enough, aia 
chemical combination occurs. 

This may seem a rather far-fetched theory, but there is a very large amount 
of experimental evidence in its favor which I have not time to go into this eve- 
ning. A paper describing these results in more detail is now nearly ready for 
publication. 

The striking fact that the velocity of the actual chemical reaction has a large 
negative temperature coefficient will be considered again in connection with 
other experiments. It must be pointed out, however, that this effect is only 
noticed because of our analysis of the reaction into its separate partial reactions. 
If the temperature of the gas and filament varied together and if the function 
of the molybdenum vapor were not known, the effect would never be noticed, 
for the large positive temperature coefficient of the rate of evaporation of molyb- 
denum would completely mask that of the true chemical reaction. 

In these experiments the molybdenum deposit which collected on the bulb 
had very remarkable properties. It adsorbed large quantities of nitrogen, but 
not hydrogen, if cooled by liquid air. But, at room temperature and above, 
it could slowly dissolve large quantities of hydrogen which it would slowly 
give up again at 300°C. Although it contained a large amount of nitrogen, 
none of this gas could be driven off by heating it at 360°; but if it was heated 
in nitrogen at 250°C it apparently combined with the nitrogen, for this gas 
was absorbed and was not liberated by heating at 360°C in a vacuum. 

Another characteristic of this deposit was that it reacted rapidly at room 
temperature with water vapor, producing hydrogen, most of which remained 
dissolved and was liberated on heating. 

Molybdenum deposited on the bulb in high vacuum does not exhibit any 
of these characteristics. It seems that the molybdenum described above, is 
in an atomic state of division as a result of being deposited atom by atom by 
the decomposition of the unstable compound formed in the “unsuccessful 
collisions.” 

Clean-up of Carbon Monoxide by Tungsten. — With the bulb at room tem- 
perature this gas behaved exactly like nitrogen. In fact, with the filament at 
a given temperature, the curves obtained first with nitrogen and then 
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with carbon monoxide proved to be identical. This proved that each atom 
of tungsten combined with one molecule of CO, presumably to form 
a compound WCO. The coefficient « must have been unity as in the case 
of nitrogen. 

Since with nitrogen and molybdenum e€ was found to vary with the tem- 
perature, it was of interest to see if « with carbon monoxide and tungsten might 
not vary also. 

Raising the bulb temperature to 300° gave a value of é distinctly less than 
at room temperature, so that the expected effect was present and in the same 
direction as with the Mo-N, reaction. 

When a similar experiment was tried with the bulb in liquid air, the sur- 
prising result was obtained that on lighting the filament the gas cleaned up 
about five times as fast as with the bulb at room temperature. Further experi- 
ments showed that the filament under these conditions lost weight about five 
times as fast as in a vacuum, so that the filament was clearly being attacked by 
the carbon monoxide. The rate of clean-up, however, was still linear; in other 
words, was independent of the pressure. Evidently, the compound formed 
was of approximately the same composition as that formed by interaction with 
the vapor, namely WCO. 

There is apparently no escape from the conclusion that the attack of the 
filament by CO is a reaction which takes place more rapidly when the velocity 
(or at least kinetic energy) of the CO molecules is small. We thus again have 
a case of negative temperature coefficient. 

The simplest explanation of the fact that the rate of attack is independent 
of the pressure, seems to be that the velocity of the reaction is so great that 
the rate of evaporation of the compound formed determines the rate of reaction. 

Thus we assume that the surface is practically completely covered with 
a film (1 molecule deep) of WCO. As fast as molecules of this distil off, the 
surface of tungsten is exposed to the attack of the CO. 

If this explanation is correct, then as long as the bulb temperature is low 
enough to cause the formation of a film of WCO, it is evident that a further 
lowering of the bulb temperature should cause no further increase in rate. 
Another conclusion may be drawn. At a bulb temperature so high that the sup- 
ply of WCO is barely sufficient to keep the surface covered, we should expect 
that the rate of clean-up at the lower pressures would be less than at higher. 
In other words, there should be certain intermediate temperatures at which 
the rate of clean-up is no longer linear. 

The experiments made to test these points have yielded results in quanti- 
tative agreement with the theory. Thus it was found that the rate of clean-up 
at —78°C (solid CO,) was the same as at —190°C, and on the other hand the 
rate at —20° was the same as at +20°. But at —40° the rate was intermediate 
between that at —78° and that at —20°, and, furthermore, the curve was no 
longer straight, but was in splendid agreement with a calculated curve which 
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was based on the assumption that the rate of formation of WCO on the exposed 
surface of tungsten was proportional to the pressure of CO. 

I think this case is an excellent illustration of the general applicability of 
what I might call the molecular film theory of heterogeneous reactions. 

In this case also I hope soon to publish quantitative data with a more com- 
pletely developed theory. 


Clean-up of Oxygen by Platinum. — A platinum filament at temperatures 
above about 1600°K gradually causes the clean-up of low pressures of oxygen. 
With pressures less than 100 or 200 bars the rate is independent of the pres- 
sure. The filament loses weight at the same rate as in vacuum. Quantitative 
measurements show that the oxygen combines with the platinum atoms as 
fast as they evaporate from the filament and form the compound PtO, which 
collects on the bulb as a brown deposit. At higher pressures the oxygen also 
begins to attack the platinum at a rate dependent on the pressure. 


Il. Catalytic Reactions 


Dissociation of Hydrogen into Atoms.1 — It has been shown that when a wire 
of tungsten, platinum, or palladium is heated to a temperature above 1300°K, 
in hydrogen at very low pressure (1—20 bars), a portion of the hydrogen mole- 
cules which strike the filament is dissociated into atoms. This atomic hydrogen 
has remarkable properties. It is readily adsorbed by glass surfaces at room 
temperature, although more strongly at liquid air temperatures; but only a very 
small amount (a few cu. mm) can be so retained because the atoms evidently 
react together to form molecular hydrogen as soon as they come in contact, 
even at liquid air temperatures. The atomic hydrogen reacts instantly at room 
temperature with oxygen, phosphorus and many reducible substances such as 
WO,, PtO,, etc. : 

When a tungsten wire is heated to very high temperatures (above 2000°) in 
hydrogen, the dissociation of the gas in contact with the wire causes the absorp- 
tion of a very large quantity of heat. The atomic hydrogen produced diffuses 
out from the wire and as soon as it reaches a cooler region recombines to form 
molecules and liberates the heat of the reaction. The result is that the heat con- 
ductivity of hydrogen, at temperatures where dissociation occurs, is several 
times larger than it would otherwise be. 

Recently, Mr. Mackay and I have made a series of measurements on the 
heat losses from tungsten wires at pressures ranging all the way from 10 bars 
up to atmospheric pressure and at temperatures up to the melting point of 
tungsten. From these data I have been able to show that the dissociation of 
the hydrogen does not occur in the space around the wire, but takes place only 


1 Trans. Am. Electrochem. Soc. 20, 225 (1911); 7. Am. Chem. Soc. 34, 860 (1912); 34, 1310 
(1912); 35, 927 (1913); 36, 1708 (1914); 37, 417, (1915); Z. Electrochem. 20, 498 (1914). 
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among the hydrogen molecules which have been absorbed or dissolved by the 
metal. The mechanism is as follows: 

All the hydrogen atoms striking the surface of the wire and about 70% of 
all the molecules striking the wire are absorbed by it. The velocity of the reac- 
tion between the molecules and atoms of hydrogen absorbed is so great that 
equilibrium prevails among them at all times. The rate of dissociation of the 
hydrogen by the wire can thus be calculated from the dissociation constant 
of the hydrogen and from Equation 5, which gives us the rate at which the gas 
comes into contact with the wire. By reversing this process it has been possible 
to determine the degree of dissociation of hydrogen at all temperatures and 
pressures and to calculate the heat of dissociation. At 2000°K, hydrogen is 
0.33% and at 3000°K, 13% dissociated at atmospheric pressure. 


Dissociation of Chlorine into Atoms. — By heating a tungsten filament for 
a short time to 3000°K in a high vacuum a sufficient quantity volatilizes to 
form a black deposit on the bulb. If, now, a low pressure of chlorine be admit- 
ted to the bulb, this does not perceptibly attack the deposit on the bulb nor 
the filament, even if the bulb is heated to 200°C. However, if the filament is 
now heated to a high temperature, while the bulb is kept cool, the tungsten 
deposit on the bulb soon disappears. The chlorine has evidently been activat- 
ed or dissociated by the filament and the atoms formed travel at these low 
pressures directly from the filament to the bulb without having any chance 
to recombine on the way. 

The experiment is more striking if two filaments be placed side by side 
in the same bulb containing a very low pressure of chlorine. If one of the fila- 
ments be heated to a high temperature it is found that the other one, which 
remains cold, is gradually eaten away on the side facing the hot filament until 
it finally disappears completely. The hot one does not lose at all in weight, 
but may even become heavier, by having tungsten deposited on it by the decom- 
position of the chloride formed by the attack of the cold filament. 

Dissociation of Oxygen into Atoms. —In connection with the clean-up of 
oxygen by a tungsten filament I have already spoken of some of the evidence 
for the dissociation of oxygen into atoms at extremely low pressures. Still better 
evidence has been obtained in some experiments on thermionic currents in 
which the bulb containing the filaments is immersed in liquid air. Under these 
conditions an active form of oxygen can be collected on the glass which is slowly 
given off and reacts even at liquid air temperatures with tungsten. The phenom- 
ena are in many ways similar to those observed with hydrogen. A further 
quantitative study of the formation of this active oxygen is being undertaken. 


Reaction between Carbon Monoxide and Oxygen in Contact with Platinum. — 
In all the reactions I have spoken of, thus far, there has been only one gas in 
contact with the filament. The case where the filament acts catalytically on 
a reaction between two gases is an important one and warranted special study. 
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For this purpose a short filament of fine platinum wire was mounted in the 
center of a four-liter bulb. Pressures of carbon monoxide and oxygen up to 
a total of about 30 bars were admitted and the filament was heated to such 
a temperature that the reaction proceeded at a convenient rate. A large tube 
extended from the lower part of the bulb and was kept immersed in liquid 
air, so that the molecules of carbon dioxide produced in the reaction were con- 
densed before they had any opportunity of striking the filament. 

The results were very striking. The rate of clean-up was found to be directly 
proportional to the pressure of oxygen, but inversely proportional to the pres- 
sure of carbon monoxide. Reference to the literature showed that Bodenstein 
and Ohlmer,! in their study of the reaction between these gases on quartz glass 
surfaces, had found these same relations at about atmospheric pressure. Sub- 
sequently, Bodenstein and Fink* suggested tentatively that the explanation 
of this peculiar behavior might be that the surface of the quartz is covered with 
an adsorbed film of carbon monoxide of a thickness proportional to the pressure 
of this gas. If it was further assumed that the oxygen had to diffuse through 
the layer of carbon monoxide and come into contact with the platinum before 
it could react with the monoxide, then the reason for the reaction being directly 
proportional to the oxygen pressure and inversely proportional to that of the 
carbon monoxide was apparent. 

There were serious objections to applying this theory in the present case, 
for in order that the thickness of a film could be proportional to the pressure 
over a wide range of pressures it would be necessary to have a film many mole- 
cules deep, and this seemed very improbable at the low pressures used in these 
experiments. 

If, on the other hand, we apply the “theory of molecular layers,” these diffi- 
culties disappear. Let us assume that, of all the CO molecules striking the sur- 
face, a certain fraction a, are condensed and that the CO layer thus formed 
distils off at a certain rate. Let us assume further that the reaction occurs when 
CO molecules strike oxygen on the surface, but does not occur when O, mole- 
cules strike CO molecules. We might picture the cause of this as being due to 
the carbon monoxide molecules on the surface arranging themselves with the 
carbon atoms in contact with the platinum, while the oxygen atoms cover these 
and thus protect the carbon from attack by the oxygen. 

It is easy to state these assumptions mathematically and thus derive an 
equation giving the rate of the reaction in terms of the partial pressures of the 
gases. This relation is of the form: 


1 
B ap, 4 6 4 c a! a 
Pi Pi 2 Piha 











1 Z. physik. Chem. 53, 166 (1905). 
* Ibid. 60, 46 (1907). 
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where , is the partial pressure of CO and 9, is that of the oxygen. The coef- 
ficients a, b, c and d all have a definite physical significance in this theory, 
but I will not go into this at present. 

It is readily seen that at higher pressures the terms involving 5, c and d become 
negligible compared to that involving a. The p, in this term goes into the numer- 
ator and we have 

R = p,/ap, (15) 
which is the law observed in the experiments I have described. 

On the other hand at lower pressures or at higher temperatures, the first 
term in the denominator becomes negligible and the fourth term still remains 


so and the relation becomes 


1 
R= 7 ar (16) 
Pi pa 
At still lower pressures or higher temperatures the last term in the denominator 
would become the important one and the equation weuld reduce to 
R= Papal . (17) 

This theory thus suggested that if higher filament temperatures were used 
in the experiments the rate would no longer be in accord with Equation 15 but 
would follow Equation 16. Furthermore, the term containing d involved the 
rate of evaporation of the CO and O, from the surface in such a way that it 
must increase with the temperature. The velocity of the reaction would there- 
fore decrease at higher filament temperatures. __ 

To test this prediction it was necessary to use a filament of extremely short 
length (1 cm) and very small diameter (0.003 cm), so that the rate of clean-up 
would not be too rapid to measure. Under these conditions it was found that 
the rate of clean-up actually reached a maximum at a temperature below a 
red heat, and at a bright red heat the rate was only about one-tenth of that at 
the lower temperature. 

By studying these data in the light of this theory, I am confident that it 
will be possible to calculate in detail the statistics of this reaction; for example, 
the rate of evaporation of each constituent, the proportion of the collisions 
between the CO and the oxygen which result in combination, etc. 


Reaction between Hydrogen and Oxygen in Contact with Platinum. — This 
reaction proves at low pressures in absence of water vapor to be essentially 
similar to that between carbon monoxide and oxygen. At low temperatures 
the rate of reaction is directly proportional to the pressure of oxygen and inverse- 
ly proportional to that of the hydrogen. At higher temperatures the rate varies 
with the pressure as indicated by Equation 16, but in contrast to the behav- 
ior of oxygen and carbon monoxide, the velocity does not decrease when the 
temperature is raised even to the melting point of the filament. 
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Other Catalytic Reactions. — The theory here outlined would seem to be 
generally applicable to all heterogeneous reactions, even at atmospheric pres- 
sure. The many reactions studied by Bodenstein lend themselves admirably 
to testing out this theory. 

There is every indication that the experimental results of Fink will be in 
at least as good agreement with equations derived by this theory as with those 
derived from the theory that involves diffusion through a film of variable thick- 
ness. For a given concentration of SO, the equations take the form. 

1 


R=>—. (18) 


pi a Pa 

When one constituent is in excess the reaction velocity is thus proportional 
to the concentration of the other. When there are equivalent proportions, then 
the velocity is proportional to the total pressure. These are the relations found 
by Fink, but here one equation fits all the results, whereas by Fink’s theory 
two equations are necessary. 

Theory of Adsorption. — The “theory of molecular layers’ leads to a simple 
but quantitative theory of adsorption. 

In every reaction we have studied we have found that of all the molecules 
striking a surface, a large proportion are absorbed. If the rate of evaporation 
is high the molecules will leave the surface very soon, while if the rate of evap- 
oration is low they may remain a long time. The adsorption is due to the fact 
that a certain time must elapse between the condensation and the evaporation 
of a molecule. 

In the case of strongly adsorbed bodies, or in all cases where the vapor is 
nearly saturated, we must take into account the condensation and evaporation 
in the second and subsequent layers. If we assume that the rate of evaporation 
in the first layer is different from that for the others, this theory, stated mathe- 
matically, leads to an equation of the form 


q=-.—} (19) 


as. 
i rey ee 
aes 





where Q is the amount adsorbed at the pressure p. 
This theory will be developed in detail in a subsequent paper. 


IV. Reactions Caused by Electrical Discharges 


If a positive potential of a hundred volts or so is applied to an auxiliary elec- 
trode in a bulb containing a heated filament, electrons are given off from the 
heated filament and these, in passing through the gas, may produce ionization. 
The positive ions then are attracted to the hot filament and strike it with high 
velocity. Under these conditions reactions often occur which otherwise would 
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not take place. For example, if the gas is nitrogen, these positive ions will com- 
bine with the tungsten filament to form the nitride WN, even at temperatures 
where there is normally no appreciable volatilization of the tungsten. 

Similar effects are observed with hydrogen and carbon monoxide. 

The effects are in general more complicated than those observed in the 
purely thermal reactions, and largely for that reason I shall not consider them 
further at present. The phenomena, however. are of very great interest and 
will probably be the subject of many further investigations. 


General Considerations 


This evening I have attempted to present to you a rather new view-point 
by which we may regard heterogeneous chemical reactions. By working at very 
low pressures it has been possible to learn much about the mechanism of these 
reactions. ; 

In each case we have seen that the velocity of the reaction has been limited 
by the rate at which the reacting molecules come into contact with each other. 

With reactions occurring on the surface of the wire, only a small fraction 
of the surface was in condition suitable for the reaction. The rate of reaction 
in these cases was limited by the rate at which the gas molecules could strike 
that part of the surface where the reaction could occur. In no case was there 
any evidence that the reaction was limited by any diffusion process in the ordi- 
nary sense. 

In the case of reactions where the gas combined with vapor from the fila- 
ment, the rate was again limited by the rate at which the molecules came in 
contact. All those that made contact reacted. 

Only in two cases was it possible to measure a velocity which was not limit- 
ed by such purely physical factors. These cases were the combination of nitro- 
gen with molybdenum vapor and the attack of tungsten filament by carbon 
monoxide with low bulb temperatures. It is remarkable that in both these cases 
the temperature coefficient of the reaction velocity was strongly negative. In 
all the other reactions the large positive temperature coefficient was due to the 
fact that the rate of evaporation of the filaments or of adsorbed materials on 
them increases so rapidly with temperature. 

I do not mean to imply that all the truly chemical reactions must have nega- 
tive temperature coefficients, but the results strongly suggest that such chemical 
reactions are very common, and that their effects are masked by other physical 
factors having large positive temperature coefficients. 

The number of chemical reactions previously known which have negative 
temperature coefficients is extremely small. Bodenstein cites one case, that 
of the reaction: 2NO+O, = 2NOQ,. 

Strutt found that atomic nitrogen recombines to form molecules much 
more rapidly at low temperatures than at high, and he reasons that a high trans- 
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lational velocity of the molecule should in general hinder rather than hasten 
the reaction. He considers that rotational velocity of the molecules, on the other 
hand, favors the reaction and that this factor in the majority of reactions greatly 
outweighs that of the translational velocity. Thus reactions between atoms 
should always have negative temperature coefficients, since atoms cannot have 
rotational energy. The present work lends further support to Strutt’s views. 

The view-point developed as a result of this work with low pressure reac- 
tions is undoubtedly applicable to reactions at high pressures and also to reac- 
tions between solids and liquids. It is hoped that further work will lead in a simi- 
lar way to a better understanding of the mechanism of homogeneous reactions. 

In conclusion, the writer wishes to express his appreaciation of the valuable 
assistance of Mr. S. P. Sweetser, who has carried out most of the experimental 
part of this work. 
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IV. The Clean-up of Nitrogen by a Heated Molybdenum Filament’ 


IN PREVIOUS papers? it has been shown that a tungsten filament heated 
in a fairly high vacuum to a temperature at which vaporization occurs, causes 
a disappearance or clean-up of practically all the common gases except the 
inert gases such as argon. This phenomena has often been used in this labora- 
tory to obtain a particularly high vacuum.® 

It is well known that molybdenum at its melting point evaporates very 
rapidly, in fact much more rapidly than tungsten at its melting point. If then 
molybdenum vapor shows the same tendency as tungsten vapor to react with 
gases, the use of a heated molybdenum filament would seem to offer a still 
more promising method of obtaining a high vacuum. With this end in view, 
experiments were undertaken to study the clean-up of nitrogen by a heated 
molybdenum filament. It was soon found that this metal was much less suitable 
than tungsten for the purpose. Whereas with tungsten the clean-up is quite 
rapid at any temperature sufficiently high to produce perceptible volatiliza- 
tion of the metal, with molybdenum enough material may evaporate to darken 
the bulb considerably before any clean-up is observed. It was found, however, 
by raising the temperature of the filament still higher that rapid clean-up 
does occur, and that just as in the case of tungsten, the rate of clean-up is in- 
dependent of the pressure of the gas. This fact seemed very peculiar, for the 
explanation that had previously been given for the case of tungsten, namely 
that the nitrogen combines quantitatively with the metallic vapor as fast as 
it is produced, certainly does not apply here. 

The resistance of the filament in the experiments with molybdenum increased 
very rapidly during the clean-up of the nitrogen. A simple calculation showed 
that about 15 atoms of molybdenum evaporated to one molecule of nitrogen 


' Most of the experimental work described in this paper was carried out during 1913 and 
1914. A very brief summary of the results was published in ¥. Am. Chem. Soc. 37, 1157 (1915). 


* J. Am. Chem. Soc. 34, 1310 (1912); 35, 105, 931 (1913); Trans. Am. Inst. Elec. Eng. 32, 
1895 (1913); Z. anorg. Chem., 85, 261 (1914). 


* See for example Langmuir, Physik. Z. 15, 519 (1914). 
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cleaned up, whereas with tungsten the ratio was one atom of tungsten to one 
molecule of nitrogen. 

Molybdenum, like tungsten, undoubtedly gives a monatomic vapor.) At 
the low pressure used in these experiments the molybdenum vapor must have 
diffused to the walls of the bulb before the atoms could have collided with 
each other so as to form larger aggregates. It can be readily shown from the 
principles of the kinetic theory that the number of collisions » which a gas 
molecule makes while travelling between two points separated by the distance L 
is approximately equal to 

n= (L/4)?? (1) 
where 4 is the mean free path of the molecules. The pressure used in these 
these experiments was usually not over 10 bars,? so that the value of A must 
have been about one cm. Placing L = 3 cm, the diameter of the bulb, we find 
from (1) that the molybdenum atoms made about 9 collisions with nitrogen 
molecules before striking the bulb. 

The partial pressure of molybdenum vapor must have been very small. 
The maximum pressure may be roughly estimated from the diffusion coeffi- 
cient and the known rate at which the molybdenum was diffusing through 
the nitrogen. The greatest rate of evaporation was 4 x 10-* g per second. 
By comparison with other substances of similar molecular volume and molec- 
ular weight it is safe to conclude that the diffusion coefficient of molybde- 
num vapor through nitrogen at atmospheric pressure would not be less than 
0.05 cm? per sec. From these data and the dimensions of the bulb, calculation 
shows that the partial vapor pressure of molybdenum in the bulb about one 
cm from the filament could not have exceeded about 0.001 bar. This is 10,000 
times less than the pressure of the nitrogen, so that a molybdenum atom leav- 
ing the filament has about 10,000 times greater chance of colliding with a nitro- 
gen molecule than with another molybdenum atom. In other words, even at 
the highest pressures used, only about one out of a thousand molybdenum 
atoms could have collided with another such atom before striking the bulb. 
These considerations indicate that the nitrogen molecules cannot combine 
with 15 molybdenum atoms, but that only one out of about 15 molybdenum 
atoms combines with nitrogen to form a stable compound, presumably MoN,. 

If this reaction can occur during any collision between a molybdenum 
atom and a nitrogen molecule the rate of clean-up should vary with the pressure. 
Since the mean free path is inversely proportional to the pressure, we see from 
Equation 1 that the number of collisions which a molybdenum atom makes 


* Experiments made in 1915 have shown that when molybdenum is vaporized in carbon 
mono xide at low pressure each molybdenum atom combines with one molecule of carbon mon- 
oxide very much as tungsten combines with nitrogen. This is good experimental evidence that 
mol ybdenum vapor is monatomic. 

* The bar is the C. G.S. unit of pressure, one dyne per sq. cm. It is very nearly equal to one- 
millionth of an atmosphere. 
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before reaching the bulb is proportional to the square of the pressure. If each 
collision brought an equal chance of reaction, the rate of clean-up of nitrogen 
should be proportional to the square of the pressure, whereas experiment 
shows that down to pressures of about one bar the rate is entirely independent 
of the pressure. The fact that the rate is constant down to such low pressures 
thus indicates that the reaction occurs during the first collisions between the 
molybdenum atoms and the nitrogen molecules. 

The question arises: what are the differences in the conditions between 
the first and subsequent collisions, which might make the reaction possible 
only during the first collision? One answer might evidently be that the veloc- 
ity of the molybdenum atom fresh from the filament is higher than that of 
atoms which have already struck nitrogen molecules — that after the first 
collision the velocity has been reduced to so low a value that the reaction does 
not occur. On this hypothesis we should conclude that of all the molybdenum 
atoms leaving the filament, those with the highest velocities would be the ones 
which would react with the nitrogen; the ratio between the number of 
molybdenum and nitrogen molecules would thus vary with the temperature 
and would approach closer to unity when the filament temperature and the 
bulb temperature were raised. The velocity that must be considered in 
this reaction is the relative velocity of the molybdenum atoms with respect 
to the nitrogen molecules. Because of the low pressures the temperature of 
the nitrogen and the molybdenum vapor are not necessarily the same when 
they react; in fact the velocity of the nitrogen is determined by the bulb 
temperature while that of the molybdenum depends on the filament 
temperature. The relative velocity of the molybdenum atoms and nitrogen 
molecules can thus be increased either by raising the bulb temperature or 
the filament temperature. 

To test out the above hypothesis that the higher relative velocities favor 
the reaction, some experiments were undertaken to measure the rate of clean-up 
while the bulb was maintained at 270°. The expectation was that the rate 
would be much increased. It was found, however, that the effect was in the op- 
posite direction, the heating of the bulb causing the rate to fall to about 1/, 
of its previous value. This unexpected result indicates that the high velocity 
of the atoms direct from the filament is not a favorable condition for the reac- 
tion. What is it then which determines what fraction of the atoms reacts with 
the nitrogen, and if low relative velocity favors the reaction why do not the 
atoms react with the nitrogen even more easily on the subsequent collisions ? 
To answer these questions it was decided to investigate the effect of bulb 
temperature and filament temperature in more detail and to find the relation 
between the rate of clean-up and the rate of evaporation under various 
conditions. In the preliminary experiment there was no provision for 
cooling the bulb in liquid air so a couple of special lamps were made up 
for this purpose. 
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In order to determine accurately the rate of evaporation of molybdenum 
at different temperatures some experiments were undertaken to measure the 
rate of loss of weight of filaments when run in a high vacuum at various tem- 
peratures. The results of these measurements have already been published.! 
It was found that the rate of evaporation m in vacuum (in g per sq. cm per 
second) could be expressed by the equation 


log,) m = 17.110-—(38,600/7) —1.76 log T. (2) 


By analogy with the clean-up of nitrogen by tungsten we may now cal- 
culate the rate of clean-up of nitrogen by molybdenum on the assumption 
that nitrogen combines with all the molybdenum to form a compound MoN,. 
This evidently does not correspond to the facts but it enables us to determine 
the maximum theoretical rate of clean-up. One g of molybdenum would com- 
bine with 250 cc. N, at 20° to form MoN,. Hence the maximum theoretical 
rate of clean-up R, would be 15.0 x 10* x m in cu. mm, per minute per sq. 
cm. From (2) we thus have R, in cu. mm per min per sq. cm 


logig R, = 24.286 —(38,600/T)—1.76 log T. (3) 


In order to compare the observed rates of clean-up R, with those calcu- 
lated by the above formula we shall have occasion to tabulate R,/R,. This 
ratio which we shall call ¢ denotes the fraction of the molybdenum atoms 
leaving the filament, which combine with the nitrogen to form MoN,. 


Experiments on the Clean-up of Nitrogen by Molybdenum Filaments 


The general plan adopted in the experiments was similar to that employed 
in the study of the clean-up of nitrogen by a tungsten filament. A lamp bulb 
containing two separate single-loop filaments was sealed onto a vacuum sys- 
tem, consisting of Tépler pump, McLeod gage, and apparatus for quanti- 
tatively analyzing small amounts of gas. Between the lamp and the rest of 
the system was a trap which was kept continually immersed in liquid air and 
which thus insured absence of mercury vapor and water vapor in the lamp. 
After exhaustion, the lamp was heated to 360° for an hour to drive moisture 
and carbon dioxide off the glass. The filament was aged for half an hour at 
high temperature. The lamp was then ready for an experiment on the clean-up 
of nitrogen. 

A definite pressure of nitrogen was introduced, usually about 5 to 15 bars, 
and a gage reading taken. The filament was then heated to the chosen tempera- 
ture and readings on the gage were taken every minute. As the filament grad- 
ually evaporated the temperature was maintained approximately constant by 
keeping v*}/A constant: (v = volts, A = amperes). 

* Langmuir and Mackay, Phys. Rev. 4, 377 (1914). 


? A discussion of this and other methods of determining temperatures and of holding them 
constant has been published. See Langmuir, Phys. Rev. 7, 309 (1916) 
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Temperature of the Filaments.— The temperatures were found by the method, 
used in determining the rate of evaporation, based upon the determination 
of the total candle-power per sq. cm radiated by the filament. The emissivity 
of the molybdenum was taken to be 3% greater than that of tungsten. A careful 
comparison of this temperature scale with that based on the Holborn-Kurl- 
baum pyrometer was subsequently made,? and they were found to lie within 
10° of each other over the range 1900-2500°K which includes the range used 
in the present experiments. The formula actually used for determining the 
temperature of the molybdenum filaments is 


T = 11,230/(7.041 — log,, H) (4) 


where H is the intrinsic brilliancy of the molybdenum filament in interna- 
tional candles per sq. cm of projected area. In the experiments on the rate 
of evaporation the candle-power per unit length of filament was directly de- 
termined and the temperature derived by the above formula; in this way a re- 
lation between current and temperature was obtained. The experiments on 
the rate of clean-up of nitrogen were made with pieces of wire from the same 
spool. Therefore, the temperature was determined from the current using 
the relation already obtained. From these temperatures a curve was prepared 
giving the relation between v* )/A and the temperature, whence the temper- 
atures during the various experiments were determined. 

Filaments and Bulbs.— Three separate lamps were used. In the preliminary 
experiment (Expt. 378) the bulb was about 6 cm diameter and 10 cm long 
and contained two loops of molybdenum wire of 0.0156 cm diameter. Each 
loop consisted of 8.90 cm of wire. The total surface of each loop was thus 
0.436 sq. cm. The bulb of this lamp was sealed to the vacuum system by a tube 
of large diameter attached to the bottom of the lamp; it could therefore not 
conveniently be cooled by liquid air. 

In both the second (Expt. 380) and the third (Expt. 381) experiments the 
bulb was made smaller and was connected to the system through a goose-neck 
tube attached to its upper part so that the whole bulb could be placed in liquid 
air while still connected to the vacuum system. Some of the same wire as before 
was used for these filaments, but the length used for each loop was 7.45 cm, 
the surface thus being 0.365 sq. cm per loop. 

Experiment 378.— A summary of the data obtained in this first or prelim- 
inary experiment is given in Table I. The first 3 runs were made with fila- 
ment a and the remaining 12 runs with filament 5. In the column headed T, 
is given the temperature (absolute) of the filament during the run. This was 
maintained as nearly constant as possible by adjusting the current from time 
to a time to keep v*, A constant. The temperature of the bulb is given in the 


1 Phys. Rev. 4, 380 (1914). 
* Langmuir, Jbid. 7, 325 (1916). 
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Tase I 

Experiment 378 
Run | Tr | Ts | # Ro | Re | Te |! ae. 
2327 | 300 11 2.90 | 59 0.049 | 775 | 0.049 
2260 | 300 8 1.62 |} 20 0.081 760 | 0.061 
2277 | 300 10 2.46 | 26.5 | 0.093 | 764 | 0.058 
2110 | 300 48 0.13 1.37 | 0.095 | 727 | 0.102 
. | 2160 | 543 49 0.02 3.50 | 0.006 | 952 | 0.009 
| 2168 | 300 14 0.25 4.02 | 0.062 | 740 | 0.082 
2261 543 20 0.24 | 20.2 | 0.012 | 974 | 0.008 


2200 300 29 0.65 7A 0.092 747 | 0.074 
2203 300 21 0.68 75 0.091 748 0.073 


2204 300 22 0.73 at. 0.095 748 =| 0.073 
2204 300 16 0.88 77 0.114 748 0.073 
! 2186 300 14 0.74 5.6 0.132 744 0.077 
2199 300 16 0.87 7.0 0.124 747 0.074 
2204 300 16 1.20 77 0.156 748 0.073 





























2230 300 20 1.71 12.0 0.143 753 0.067 





next column under 7,. The duration of the run in minutes is given under t. 
The observed rate of clean-up of nitrogen R, is expressed in cu. mm of nitro- 
gen (at 20°C and 760 mm pressure) per minute, per sq. cm of filament surface. 
The volume of nitrogen cleaned up was calculated from readings of the McLeod 
gage and the known volume of the apparatus; when the bulb was at tempera- 
tures other than room temperature it was assumed that the pressure of nitro- 
gen in the bulb was equal to 
p=?p,VT,/T, 

where T, is the temperature of the bulb, 7, that of the gage, and p, is 
the pressure as indicated by the gage. At low pressures this relation must 
be used in calculating pressures and quantities of gas in systems having 
parts at different temperatures.1 The column headed R, contains the rates 
calculated from Equation 3, which gives the rate which would prevail if 
the molybdenum evaporates at the same rate as in a high vacuum and all 
the molybdenum vapor combines with nitrogen to form a compound MoN,. 
The ratio of the observed to the calculated rates R,/R, is given under 
€ 9. The meaning of the data in the columns headed Ty, and e, will be 
explained later. 

The first 3 runs showed distinctly that the rate of clean-up is inde- 
pendent of the pressure of nitrogen. Plots of these first runs are given in 
Fig. 1. It will be seen that while the pressure varies from 11 down to less than 
one bar the rate of clean-up remains unchanged. All the other runs of this as 
well as the later experiments gave plots that were characterized by the same 
straight line curve. 


1 See Knudsen, Ann. Phys. 31, 205 (1910). 


16 Langmuir Memorial Volumes I 
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During these runs the changes in the “‘hot resistance’’ of the filament were 
recorded and from these the rates of evaporation were calculated and compared 
with those obtained from Equation 2. 





10° m by (1) 10° m by resistance 
3.39 3.1 
1.32 1.8 
1.75 2.6 


It is seen that the rates of evaporation found from these rough data are 
not greatly different from those found from the more accurate vacuum exper- 
iments. The agreement is sufficient to indicate that the rate of evaporation 






































Fic. 1. 


of the molybdenum is not materially decreased by the nitrogen and that the 
difference between R, and R, is not due to a change in the rate of evaporation. 
In most of the other runs the rate of evaporation was also calculated from the 
resistance changes, but as the general results are similar to those already given 
they will not be discussed further. 


Adsorption of Gases by the Deposit on the Bulb.— After the third run the 
bulb was heated to 324°C for about an hour to see if the nitrogen which had 
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been cleaned up was merely adsorbed by the finely divided molybdenum of 
the bulb and would be given up on heating. Until the bulb reached a tempera- 
ture of about 200° no gas was given off, but on raising the temperature about 12 
cu. mm of gas was obtained (34 cu. mm of N, had been cleaned up); subsequent 
analysis, however, showed that this gas was practically pure hydrogen.1 On 
cooling the bulb to room temperature 9 cu. mm of this hydrogen disappeared 
and of the remaining 3 cu. mm all but 0.8 cu. mm disappeared on applying 
a tuft of cotton dipped in liquid air to the outside of the bulb. On again heating 
the bulb (to 306°) all the hydrogen came off again and was pumped out. The 
bulb was then cooled to room temperature and 14.2 cu. mm of nitrogen was 
admitted. Of this, 0.6 cu. mm was immediately adsorbed by the deposit on 
the bulb. By applying liquid air as before to the bulb 13.3 cu. mm of nitrogen 
was adsorbed leaving only 0.3 cu. mm. When the bulb warmed up again all 
of the nitrogen immediately returned. This nitrogen was then pumped out 
and 13.8 cu. mm of hydrogen was admitted to the system. Within 15 minutes 
7.7 cu. mm of this had been taken up by the deposit on the bulb at room tem- 
perature (marked contrast to nitrogen). By pumping out the hydrogen 1.5 cu. 
mm of this escaped again from the walls of the bulb. Evidently then hydrogen 
is dissolved at room temperature with comparative ease by the finely divided 
molybdenum, and reaches a certain equilibrium in which it is divided between 
“the deposit and the space. 

The hydrogen was again allowed to return to the system and the 1.5 cu. 
mm was again taken up. The quantity of free hydrogen then remaining was 
6.1 cu. mm. Of this only 2.6 cu. mm was absorbed by cooling the bulb with 
liquid air. 

The following summary of the results with nitrogen and hydrogen will 
make the behavior of these gases clearer: 


Amount remaining 
Gas Initial quan- re——_————. 





— 
tity admitted At room temp. At — 180° 

Ngo siistse hen ee Salted sen cae 14.2 13.6 0.3 

Tg oi insssiass se ie leectn es oe 13.8 61 3.5 


In the case of nitrogen the phenomenon is clearly one of adsorption by 
a finely divided substance. Hydrogen, however, is not readily adsorbed, but 
at higher temperatures is apparently dissolved by the deposit. In both cases 
definite equilibrium is reached, but much more rapidly with nitrogen than 
with hydrogen. 

An interesting case of solution or absorption of nitrogen in the deposit 
was observed after the fourth run. As a preliminary to the fifth run the bulb 
was heated to 306° after 16.7 cu. mm of nitrogen had been admitted. When 

1 This gas is usually obtained on heating a bulb in which a filament has been run at high 
temperature for a consider able time. See Langmuir, J. Am. Chem. Soc. 34, 1310 (1912); Freeman, 
Ibid. 35, 927 (1913). 
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a temperature of about 240° was reached the nitrogen began to disappear 
and in about 30 minutes, at 300°, 2.5 cu. mm of nitrogen had been absorbed. 
To prevent further absorption the bulb was cooled to 270°, at which tempera- 
ture the nitrogen practically ceased disappearing. This phenomenon will be 
discussed again in connection with Expt. 381. 

In the fifth run of Expt. 378 the bulb was maintained at 270° and the rate 
of clean-up was extremely slow (R, = 0.02), only about 0.2 cu. mm out of 
14 disappearing in 49 minutes. This rate of clean-up is probably too low since 
a little hydrogen is usually evolved on heating a bulb containing a glowing 
filament and this evolution would partly mask the clean-up of the nitrogen. 
Although the bulb was also heated in the seventh run, this source of error was 
probably not serious since the rate of clean-up was much greater and the time 
of heating was shorter. 

The next 3 runs (Nos. 8, 9, 10) were made for the purpose of studying the 
effect of pressure on the rate of clean-up. The pressures at the beginning and 
end of each run were: 


Initial pressure Final pressure 
Bars Bars 
39.5 33.3 
15.4 10.9 
75 2.7 





From Table I we see that the values of ¢, for these three runs are practi- 
cally identical. Evidently the rate of clean-up is entirely independent of the 
pressure of nitrogen even with pressures as high as 40 bars. 

In the 11th to 15th runs different temperatures of the filament were tried. 
The results show a slight tendency for higher values of ¢, at lower tempera- 
tures of the filament as the experiment is continued. This slow change is un- 
doubtedly due to increasing error in the temperature determinations due to 
irregular evaporation of the filament. 

Experiment 380. — All the runs of this experiment (see Table II) were 
made with the same single-loop filament and with the bulb kept immersed 
in liquid air. The experiment was terminated after the sixth run by an accident 
which broke the bulb. During the first two runs the quantity of gas in the system 


Tasre II 
Experiment 380 














Run Tp Fp | t ¢@ Re | Re | eo | TM | & 

Vcsse sie Srebsd. Neate 2072, «90 | 25 | 0.27 | 065 } 0.42 523 | 0.49 
Desietedgeiirnisuineas bs 2109; 90 | 20 | 0.52 | 1.35 | 0.39 531 | 0.43 
2110 | 90 10 | 0.55 | 1.37 | 0.40 531 | 0.42 

2168 90 11 | 1,32 | 4.02 | 0.33 543 | 0.34 

2221 90 10 2.95 | 10.40 | 0.28 554 | 0.27 

| 8 1.22 | 544 | 0.33 


2170 90 4.18 0.29 
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decreased from 31.2 to 24.8 cu. mm — that is, 6.4 cu. mm were cleaned up. 
On removing the liquid air from the bulb after the second run the quantity 
of gas rose from 24.8 to 27.5. Thus only 3.7 cu. mm failed to reappear on allow- 
ing the bulb to warm up to room temperature. During the last 4 runs (3 to 6) 
the amount of nitrogen which cleaned up was 26.2 cu. mm; of this 8.3 cu. mm 
reappeared on removing the liquid air. 


Experiment 381. — Table III gives a summary of the data obtained in Expt. 
381, in which both the bulb temperature and the filament temperature were 
varied over rather wide ranges. 








Tasze III 
Experiment 381 

Run | Tp | Ze | t ; Ro | Re | & | Tr! Ce 
2111 | 90 | 28 : 057! 1.40 | 0.40 | 532 0.42 
2147 | 90 | 12 | 1.01| 2.77 |0.36 | 539 | 0.36 
| 2171 | 90 | 22 | 1.35) 3.58 | 0.38 | 544 | 0.33 
2171 | 90 | 21 | 1.37) 3.58 | 0.38 | 544 | 0.33 
2137 | 90 | 13 | 0.90) 2.30 |0.39 | 537 | 0.38 
2237 | 90 | 5 | 3.70| 13.5 |0.27 | 557 | 0.25 

2246 | 300 


2132 | 195 z 0.39 2.09 | 0.19 635 , 0.27 
2241 195 | 10 2.15 14.5 0.15 658 | 0.18 
2132 90 11 0.93 2.09 | 0.45 536 | 0.39 
2246 90 3 4.40 15.7 0.28 559 | 0.24 
2132 | 273 19 0.29 2.09 | 0.14 707 ; 0.12 
2246 | 273 10 2.30) 15.7 0.15 731 | 0.084 
2138 =| 273 21 0.29 2.34 | 0.12 709 ; 0.12 
2260 | 273 7 1.53 19.8 0.078 | 734 0.080 
2150 | 373 23 0.18 2.92 | 0.062} 802 0.042 
2262 | 373 13 0.78 20.5 0.038: 826! 0.030 
2143 | 273 | 15 0.46 2.60 0.18 | 709 | 0.12 


12; 0.97 15.7 0.062 | 758 | 0.064 
| 
i 























2265 | 273 4 2.38 21.7 0.11 735 ; 0.078 
| 2033 | 273 50 | 0.10 0.295 | 0.33 686 | 0.18 
I 








2369 =| 273 2 | 5.81 | 113 | 0.051} 757 , 0.057 





A careful study was also made of the adsorption phenomena occurring 
when the bulb temperature was changed. The runs 1 to 13 were made with 
one loop of filament (a), while the runs 14-21 were made with the second 
loop (6). 


Adsorption Effects 


Table IV gives data on the adsorption effects observed. It may be of inter- 
est to illustrate these effects by describing in detail the first few runs. 

Before the first run, after exhausting and baking out the lamp, 31.3 cu. mm 
of pure nitrogen was introduced into the system at a pressure of 29.4 bars. 
The bulb of the lamp was then immersed in liquid air but this caused no measur- 
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able adsorption of nitrogen. During the first 3 runs (see Table III) the amount 
of nitrogen in the system decreased from 31.3 cu mm to 10.6 cu. mm, that is, 
20.7 cu. mm were cleaned up. However, on removing the liquid air from the 
bulb at the end of the third run, 8.0 cm mm of nitrogen reappeared. The net 
clean-up was therefore 12.7 cu. mm (see Col. A of Table IV). The rate of clean- 
up of nitrogen given under R, in Table III is that actually observed while 
the liquid air remained on the bulb and therefore does not represent the rate 
at which nitrogen is permanently cleaned up. 














TasLe IV 

At end of | ae “i iconsibte Reversible N, cancels: Ratio 
run No. | adsorption adsorption | adsorption |of Mo deposit! c:D 
12.7, | 63 11 | 59 0.019 

24.1 2.9 2.5 118 0.021 

37.6 | 0.7 3.6 181 0.020 

41.8 _ 5.0 255 0.020 

49.9 _ 5.8 311 0.019 

65.9 0.5 8.8 362 0.024 

76.6 _ 13.2 443 0.030 

| _ ! 





99.8 








The quantity of gas in the system, as we have seen, had risen from 10.6 
to 18.6 cu. mm by removal of the liquid air. Upon replacing the liquid air only 
1.7 cu. mm of nitrogen was adsorbed and the pressure in the bulb after this 
adsorption was 7.3 bars. Again removing the liquid air the 1.7 cu. mm was 
given off again. This could be repeated as often as desired. Evidently this effect 
was a typical adsorption phenomenon, the nitrogen being adsorbed by the 
finely divided molybdenum deposit, when cooled by liquid air, exactly as it 
would have been by charcoal. 

From the known rate of evaporation of the molybdenum and the time the 
filament had been heated, the amount of molybdenum evaporated could be 
calculated. The nitrogen stoichiometrically equivalent to this evaporated molyb- 
denum was found on the assumption that nitrogen and molybdenum can form 
a compound MoN,. This for the first 3 runs was 59 cu. mm (See Column 
D of Table IV). 

Since the quantity of adsorbed gas varies with the pressure it was desirable 
to reduce the observations in different runs to a common basis. At the end of 
the experiment, after the 21st run, some tests were made to see how the 
adsorption varied with the pressure. With the bulb in liquid air it was 
found that 


q= cp 
where g is the amount of gas adsorbed at the pressure p. 


Making use of this approximate relation we can now express our results 
on the adsorption in terms of the constant c. The column headed C in Table IV 
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gives the values of c obtained after various runs. The figures given denote the 
quantity of nitrogen in cu. mm that is adsorbed by the deposit when the pres- 
sure is one bar. 

It is seen that the amounts of gas thus reversibly adsorbed are very small 
compared to the chemical equivalent of the molybdenum deposited. During 
the first 13 runs the ratio C:D remains practically constant so that we may 
say that the finely divided molybdenum adsorbs from nitrogen at one bar 
pressure about 1/,,% of its chemical equivalent. 

It is also seen tht the amount of nitrogen that can be adsorbed reversibly 
(Column C) is only 10-20% of the nitrogen permanently cleaned up. 

On removing the liquid air from the bulb after a run, the amount of nitrogen 
liberated is always somewhat greater than the amount adsorbed again upon 
replacing the liquid air. Thus after the third run, 8.0 cu. mm was liberated, 
and only 1.7 cu. mm was readsorbed. The difference 6.3 cu. mm (Column B, 
Table IV) may be considered to have been irreversibly adsorbed (more strictly 
irreversibly released). It will be noted that the quantity thus irreversibly 
adsorbed decreases in subsequent runs. In Runs 7-9 and 13 where the 
bulb was not cooled in liquid air there was no gas thus adsorbed. 

With the bulb cooled by a mixture of solid carbon dioxide and acetone (Runs 
8 and 9) the adsorption effects were hardly appreciable, only about 0.4 cu. mm 
of nitrogen being reversibly adsorbed at a pressure of 10 bars. 

Runs 14-21 were all made with the bulb at 0° or higher, since the special 
Dewar flask used for the liquid air runs had been broken. The trap immediately 
below the lamp was, however, kept cooled by liquid air during the whole 
experiment up to the end of the 21st run. At this time a failure of the liquid 
air supply made it impossible to maintain the trap at low temperature. When 
the liquid air around the trap evaporated the pressure in the system rose from 
0.4 to 50 bars, corresponding to 52.4 cu. mm of gas. It was thought that this 
was probably carbon dioxide and moisture which had been driven off the bulb 
by the heating and during the 16th and 17th runs'. The quantity was, 
however, unusually large. A couple of days later, when liquid air was 
again placed around the trap, the pressure fell only to 49 bars, showing that 
the gas was not either carbon dioxide or water vapor. An analysis showed 
the gas to be nearly pure hydrogen. Upon exhausting the lamp and heating 
it to 300° for about an hour a further quantity of 32.7 cu. mm of hydrogen 
was evolved. 

The accidental removal of liquid air from the trap thus caused a liberation 
of about 85 cu. mm of hydrogen. The liberation of from 2 to 9 cu. mm of hydro- 
gen from a liquid air trap on the removal of liquid air is usually observed after 
a filament has been heated for a considerable time in a gas containing hydrogen. 


' The gases derived from the original baking out of the bulb had not been condensed in the 


trap below the lamp but had been adsorbed in phosphorus pentoxide or pumped out previously 
to the first run. 
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This phenomenon has been studied in detail and an account of some of the 
earlier observations has been published. 

The large evolution of hydrogen in this experiment, especially the evolu- 
tion on heating the bulb after the accidental removal of the liquid air, indicates 
that the hydrogen was produced by the decomposition of water vapor from 
the trap by the finely divided molybdenum deposited on the bulb. 

The deposit on the bulb thus had very unusual properties. It adsorbed 
nitrogen instantly when cooled by liquid air very much as charcoal would do. 
It dissolved hydrogen slowly at room temperature and gave it up again slowly 
at higher temperatures, but at liquid air temperature it adsorbed only little 
hydrogen. At temperatures of 300° or more it was able to combine with nitrogen. 
At room temperatures it decomposed water vapor and produced hydrogen. 

It must be pointed out that these properties are not characteristic of all 
molybdenum deposits. When a filament of molybdenum (or tungsten) is vapor- 
ized in a very high vacuum (pressure less than 0.1 bar), the deposit is a dense 
and coherent metallic deposit which adsorbs only negligible amounts of gases 
even when cooled by liquid air. A deposit formed in this way adheres to the 
glass so strongly that it can be rubbed or scraped off only with difficulty. On 
the other hand, the deposits formed when a molybdenum or tungsten filament 
is vaporized in nitrogen at pressures above about one bar appears less metallic 
and can be easily rubbed off the glass with the finger. The same difference has 
been observed with palladium deposits; when the metal evaporates in a very high 
vacuum the film formed shows no greater tendency to absorb hydrogen than the 
massive metal, but deposits formed in the presence of gases have very great activity. 


Experiments on the Clean-up of Nitrogen by Tungsten Filaments. — The 
experiments previously made with tungsten and nitrogen (Joc. cit.) had shown 
that with the bulb at room temperature ¢ was constant under all conditions and 
was equal to unity. Whether or not e was still unity at very high or low bulb 
temperatures remained to be determined. Analogy with the molybdenum results 
at least suggested that at high bulb temperatures e would become less than unity. 

A series of experiments (Expt. 394) was undertaken to investigate this point.” 
Four different bulb temperatures were tried — 190°, 20°, 200° and 300° — and 
the results showed conclusively that the rate of clean-up of nitrogen by a tung- 
sten filament was not perceptibly affected by a change in bulb temperature. 
Even with the bulb at 300°, the value of ¢ remains unity. 


Subsequent Experiments with Molybdenum and Nitrogen 


Experiment 461.— In August, 1915, in connection with an experiment made 
for another purpose it was observed that no clean-up of nitrogen occurred 
when a molybdenum filament was heated in nitrogen at low pressure in a spher- 


1 Langmuir, “A Chemically Active Modification of Hydrogen”, J. Am. Chem. Soc. 34, 
1310 (1912). 
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ical bulb of 20 cm diameter which had not been baked out. Filament tempera- 
tures as high as 2330° were employed, and pressures of nitrogen of 1.3 and 
9 bars. At this temperature in a bulb at room temperature the rate of clean-up 
R, should have been 2.7 cu. mm per min per sq. cm judging from Run 1 of 
Table I. Actually, however, the quantity of gas increased from 40.8 to 41.6 cu. 
mm during an 8-minute run, corresponding to Ry = —0.2. In another run, 
with the filament at 2250°, the quantity of gas changed from 6.1 to 5.8 in 3 
minutes and then rose in 11 minutes more to 6.6 cu. mm. During these runs 
the resistance changes showed that the filament lost weight at the usual rate. 
The failure of the nitrogen to clean-up in this experiment must have been due 
either to the large size bulb (20 cm) or to the fact that the bulb had not been 
baked out to drive off moisture. The bulb was, however, provided with an 
appendix 2.5 cm in diameter and 12 cm long which had been kept immersed 
in liquid air for several hours before the clean-up was attempted. The system, 
as a whole, had been dried out for about two weeks by another appendix im- 
mersed in liquid air. The pressures of water vapor remaining were certainly 
extremely low, probably less than 0.001 bar. 

Immediately after these runs, carbon monoxide was tried with the bulb 
at room temperature and the filament at 2115° and at 2250°. The rates of clean- 
up Ry were 1.3 and 18.0, respectively, while the values of R, by Equation 3 for 
these temperatures were 1.5 and 17.0, respectively. The values of ¢ are thus 
0.87 and 1.06. Thus within the experimental error the results indicate that 
every atom of molybdenum vapor combines with a molecule of carbon mon- 
oxide even under conditions which prevent any clean-up of nitrogen by the 
molybdenum vapor. 

Experiment 465. — This experiment was undertaken to determine whether 
the presence of minute pressures of water vapor was responsible for the failure 
of the nitrogen to clean up in the previous experiment. It was also planned to 
find out if the bulb size influenced the rate of clean-up. 

Two bulbs, each containing two filaments, were sealed to the vacuum system. 
The larger bulb was cylindrical in form, was about 12 cm long and 8 cm in 
diameter and contained one tungsten and one molybdenum filament. The small 
bulb was 8 cm long and 3 cm diameter and contained two molybdenum fila- 
ments. The bulbs were well exhausted and dried at room temperature for 24 
hours by an appendix immersed in liquid air. The filaments were aged for 
one hour just below their vaporizing temperatures, and all evolution of gas 
from them had ceased. 

The small bulb was immersed in liquid air and one of the molybdenum 
filaments was heated to 2120° for 8 minutes. The rate of clean-up Ry was 0.44, 
corresponding to ¢, = 0.27. This is somewhat lower than the value e, = 0.41 
obtained from Equation 14, which is based on the results of the earlier experi- 
ments. The rate of clean-up in this case was independent of the pressure as 
before. Upon removing the liquid air from the bulb an amount of gas was re- 
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lcased which exceeded the amount that had been cleaned up. This suggested that 
at room temperature water vapor from the unbaked bulb reacted with the 
deposit on the bulb generating hydrogen. 

With the small bulb at room temperature two runs were made at filament 
temperatures of 2120° and 2227°. In both cases there was an evolution instead 
of a clean-up; at the lower temperature 0.8 cm mm in 11 minutes and at the 
higher 6.1 cu. mm in 10 minutes. The remaining gas (20.5 cu. mm) was found 
to contain 7.8 cu. mm of hydrogen. 

The bulbs were now baked out for an hour by direct heating with a large 
Bunsen flame which does not permit as thorough heating as the usual heating 
in an oven at 360°. There was still some evolution of gas observed when the 
filament in the small bulb was heated in nitrogen to 2220°, but when about 
one cm of the lower portion of the bulb was immersed in liquid air (most of 
the bulb at room temperature) there was a linear clean-up of nitrogen corre- 
sponding to €) = 0.074 with a filament temperature of 2220°. This agrees 
well with the value e, = 0.069 from the earlier experiments. 

With the entire bulb in liquid air €, rose to 0.25, while with the level of 
liquid air up to the middle of the filament €, was 0.21. The value of €, corre- 
sponding to T, = 2220° and T, = 90° is 0.27, in good agreement with the above. 

Removing the liquid air entirely and heating the filament to 2220° gave 
a value of €) = 0.039 as against €, = 0.069. 

These results indicate that the presence of even very minute amounts of 
water vapor prevent the clean-up of nitrogen by a molybdenum filament. The 
results show clearly, however, that in this experiment the effect of bulb tem- 
perature is only partly due to a change of the water vapor pressure. In the earlier 
experiments where the conditions were much better for the removal of water 
vapor, the results were probably not influenced appreciably by this effect. 

With the large bulb of Expt. 465 at room temperature a run was made with 
the molybdenum filament at 2220°. During the first 20 minutes there was an 
evolution but after 25 minutes the clean-up was steady and corresponded to 
€ = 0.037, which is practically the same as the last run in the small bulb. 

A run was then made with the tungsten filament in the large bulb. The 
bulb was at room temperature and the filament was at 2750°. The rate of clean- 
up of nitrogen was uniform and was equal to R, = 2.1. Taking the data on 
the rate of evaporation of tungsten! we obtain the value e, = 1.24. If, however, 
the temperature of the filament were 2764° instead of 2750°, the value of € 
would be exactly unity. 

Immediately after this run with tungsten, another run was made with the 
molybdenum filament at 2220°. The evolution of gas was again observed, 
although it was less than before. The clean-up of nitrogen by tungsten vapor 
is therefore not affected by the presence of low pressures of water vapor as 
the clean-up by molybdenum is. 


1 Langmuir, Phys. Rev. 2, 330 (1913). 
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The evolution of hydrogen observed with molybdenum also does not occur 
with tungsten, or at least occurs to a very much less degree. It seems that the 
molybdenum-nitrogen deposit is much more readily acted on by moisture 
than the deposit of WN, produced by the tungsten filament. 

The results of Expt. 465 indicate that the rate of clean-up of nitrogen by 
molybdenum is not dependent to any marked degree on the size of the bulb, 
as long as proper care is taken to exclude water vapor. 


Summary of Results on the Rate of Clean-up of Nitrogen by Molybdenum 


The results of the experiments may be summarized as follows (see Tables 
I, II and III): 

I. At high temperatures molybdenum evaporates in low pressures of nitro- 
gen at substantially the same rate as in vacuum. The molybdenum is therefore 
not perceptibly attacked by nitrogen at any temperature. 

II. The amount of nitrogen cleaned-up is always much less than would 
be required to convert the evaporated molybdenum into the compound MoNg. 

III. The‘ rate of clean-up of nitrogen is entirely independent of the pressure 
of the nitrogen between wide limits (1 to 40 bars or more). 

IV. The rate of clean-up increases greatly if the bulb is cooled in liquid 
air or solid carbon dioxide and decreases if the bulb is heated. 

V. The rate of clean-up increases with the filament temperature much 
more slowly than the rate of evaporation of molybdenum. 

If we define ¢ as the ratio of the number of molecules of nitrogen cleaned- 
up to the number of atoms of molybdenum evaporated in the same time, then 
we can state the last four conclusions even more briefly, thus: 

II. € is always much less than unity. 

III. € is independent of the pressure. 

IV. ¢€ decreases as the bulb temperature is raised. 

V. € decreases as the filament temperature is raised. 


Mechanism of the Clean-up of Nitrogen 


In attempting to determine from the experimental data the probable mechan- 
ism by which the nitrogen is cleaned-up, let us analyze the problem before us. 
The disappearance of the nitrogen must be due to a reaction taking place be- 
tween it and the molybdenum.! This reaction may occur in one or more of the 
following places: 1. At the surface of the filament. 2. In the space between 
the filament and the bulb. 3. On the inner surface of the bulb, or in the deposit 
on the bulb. Let us examine into the possibilities of the reaction occurring in 
these places. 


1 In accordance with the writer's theory (see 7. Am. Chem. Soc. 40, 1361 (1918)) adsorption 


must be looked upon as a chemical phenomenon and the adsorption of nitrogen by a deposit 
of molybdenum should be regarded as a chemical reaction. 
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1. Reaction on the Filament 

If the gas reacts with the solid filament at its surface to form a volatile prod- 
uct the rate of loss of weight by the filament should be different from what 
it would be in vacuum. Furthermore, in general, the rate of clean-up of the 
gas should increase with the gas pressure. The reaction between oxygen and 
tungsten, molybdenum or carbon are typical cases of this behavior. In each 
instance the loss of weight of the filament greatly exceeds the normal loss by 
evaporation and the oxygen disappears at a rate which decreases markedly as 
the pressure falls. 

Among all the direct reactions between gases and filaments which have 
been studied there has been only one in which the rate of clean-up has been 
independent of the pressure. This was the clean-up of carbon monoxide by 
a tungsten filament in a bulb cooled to temperatures below —40°.1 In this case 
the gas attacked the filament forming a monomolecular surface layer which 
distilled off at a constant rate. The filament lost weight about 5 times as fast 
as if heated in vacuum to the same temperature. The rate was independen 
of the gas pressure and bulb temperature over wide ranges. 

Since the loss of weight of molybdenum in nitrogen is the same as in vacuum 
and since the rate of clean-up of nitrogen is independent of the pressure it is 
evident that the nitrogen does not react directly with the filament. 


2. Reaction in the Space around the Filament 

At the low pressures employed in these experiments the molybdenum atoms 
evaporating from the filament travel on the average, a distance of at least several 
millimeters before striking nitrogen molecules. This mean free path varies . 
inversely as the pressure, but by Equation 1 the number of collisions that the 
atoms make before reaching the bulb should be approximately proportional to 
the square of the pressure. At pressures above two or three bars relatively few 
atoms reach the bulb without having collided with at least one nitrogen molecule. 

We may consider the following possibilities: 

Case 1. — If a molybdenum atom always combines with the first nitrogen 
molecule with which it collides and if the compound formed does not decom- 
pose again, then the rate of clean-up would be independent of the pressure 
of nitrogen at all pressures high enough to prevent the atoms from reaching 
the bulb before striking nitrogen molecules. This means that ¢ should be equal 
to unity as has been observed in the case of the W+N,, W+CO, Mo+CO, 
Pt+O, reactions. 


Case 2. — If the reaction takes place on the first collision but a portion of 
the compound formed decomposes on striking the bulb then the rate of clean-up 
will be independent of the pressure, although the value of ¢ will be less than 
unity. 


1 ¥. Am. Chem. Soc. 38, 2277 (1916). 
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Case 3. — If the first collision between the molybdenum atom and the nitro- 
gen does not always result in combination, then in general the molybdenum 
atoms will have other opportunities for combining during their subsequent 
collisions with nitrogen molecules. The conditions during these subsequent 
collisions are not the same as during the first collision because the molybdenum 
atom gradually loses kinetic energy by collisions with molecules of lower tem- 
perature. Apart from the loss of translational velocity a collision which does 
not result in combination, should, however, not change the molybdenum atoms. 
This loss of translational velocity must increase or decrease the tendency of 
the molecules to combine on the subsequent collision. Two cases arise. 

Case 3a. — The reaction takes place much less readily because of the loss 
of velocity. If this decrease is sufficient, the amount of reaction due to all the 
subsequent collisions will be negligible. The rate of clean-up will then be inde- 
pendent of the pressure and e will be less than unity. If the filament tempera- 
ture be lowered, however, the translational velocity of the molybdenum atoms 
decreases and the value of ¢ should decrease, while an increase of temperature 
should increase ¢. This is not in accordance with the experiments. 

Case 3b. — The reaction takes place more readily because of the loss of 
velocity. In this case a large amount of clean-up should result from the subse- 
quent collisions. At higher pressures the number of collisions would be suffi- 
cient for the reaction to be complete so that « = 1, but at low pressures the 
rate of clean-up should increase approximately with the square of the pressure 
since the number of opportunities for reaction (collisions) increases with the 
square of the pressure. 

Considering now the actual experimental results we see that Cases 3a and 
36 do not agree with the facts. The value of e was found to increase as the fila- 
ment temperature is lowered. This indicates that the reaction is favored by 
low relative velocity of the molybdenum atoms and nitrogen molecules. This 
excludes Case 3a. But since ¢ is not equal to unity or does not vary with the 
pressure Case 3b cannot apply. Case 1 is excluded for the same reason. 

We are thus forced to Case 2 as the probable mechanism. The molybdenum 
and nitrogen combine on the first collision and travel to the bulb together as 
molecules of the composition MoN,. When these strike the bulb a portion of 
the nitrogen is given off again. The amount of nitrogen released is independent 
of the pressure of the nitrogen but naturally varies with the bulb temperature. 

There is still a difficulty in the fact that e varies markedly with the filament 
temperature. If the combination takes place on the first collision and yet the 
amount of nitrogen subsequently released depends on the filament tempera-_ 
ture, this can only mean that the nature of the compound formed depends on 
the filament temperature. In other words, the molecules formed by the com- 
bination must differ according to the relative velocities with which the molyb- 
denum atoms and nitrogen molecules collide. The lower the relative velocity, 
the more stable is the compound formed, so that a smaller proportion of it 
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decomposes when it subsequently deposits on the bulb. This conclusion is 
confirmed by the fact that when the deposits on the bulb were heated from 
liquid air temperature a part of the nitrogen was given off readily but another 
part (the larger part) could not be driven off by heating in vacuum to 360°. 
In fact, at these higher temperatures nitrogen combined spontaneously with 
the finely divided molybdenum to form a very stable compound. 

The compound formed when tungsten vapor reacts with nitrogen is charac- 
terized by its brown color in thin films and by the evolution of ammonia when 
it is brought into contact with moisture. There can be little doubt that this 
compound should be represented by the formula N = W = N. It is a typical 
compound of the first order according to Werner’s nomenclature. It is probable 
that the stable forms of the molybdenum-nitrogen compounds have the anal- 
ogous structure N= Mo=N. 

The latent heat of vaporization of molybdenum is very high, 162,000 calories 
per g molecule. This measures the energy required to separate the atoms from 
each other. It is over twice as great as the energy required to separate hydrogen 
and oxygen in water. After the separation this energy probably resides in the 
electro-magnetic stray field around the atoms. The field of force around such 
molybdenum atoms should therefore be unusually intense. 


In the case of solid bodies these forces even when much weaker than the 
forces around molybdenum atoms cause adsorption of gases in the form of 
monomolecular layers! involving only secondary valence forces. With molyb- 
denum vapor where the forces are much more intense it is therefore to be expect- 
ed that even if the atoms do not combine with gas molecules to form compounds 
of the first order, they should at least combine with them by secondary valence 
forces to form a compound represented by the formula Mo:N,. In other words, we 
may describe the phenomenon as an adsorption of gas molecules by each other.” 


1 See Langmuir, J. Am. Chem. Soc. 38, 2267 (1916). 

* There is much evidence that this phenomenon of adsorption of gases by gases or formation 
of double molecules is not an unusual occurrence. When tungsten is vaporized in hydrogen at 
low pressures while the bulb is cooled in liquid air, hydrogen is cleaned-up in a way which indi- 
cates that the hydrogen molecules combine with the tungsten atoms before they strike the bulb. 
The experiments of Duane and Wendt, Phys. Rev. 10, 116 (1917), indicate that when atomic 
hydrogen is produced in hydrogen at atmospheric pressure the atoms are immediately adsorbed 
on to molecules, producing H;. This is exactly the behavior that would be expected from the 
properties of atomic hydrogen previously pointed out by the writer, J. Am. Chem. Soc. 34, 1310 
(1912). The departure of the properties of gases from the simple gas laws as the critical tempera- 
ture and pressure are approached must also be largely, if not entirely, caused by the adsorption 

_ of gas molecules by each other. Otherwise it is not possible to explain the continuous transition 
from the gaseous to the liquid state. In fact, the writer inclines to the opinion that all gas molecules 
combine or are adsorbed onto each other in every collision, but that because of their inability 
to give up the liberated energy the molecules ordinarily ‘“‘evaporate” from each other so soon 
that the time during which they remain thus ‘‘adsorbed” is negligible. In other words, no sharp 
distinctions should be drawn between so-called elastic collisions of molecules and cases of mutual 
adsorption of gas molecules such as those cited above. 
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The energy liberated by this combination tends to cause the atoms or mole- 
cules to separate again, or at least tends to prevent them from forming such 
intimate union as if the internal energy of the newly formed molecule were 
less. The lower the relative velocities of the molecules before collision the more 
stable will be the combination. Strutt! found that atomic nitrogen recombines 
to form molecules much more rapidly at low temperatures than at high, and 
he reasons that a high translational velocity of the reacting atoms or molecules 
should in general hinder rather than hasten the reaction. He considers that 
rotational velocity of the molecules, on the other hand, favors the reaction and 
that this fact in the vast majority of reactions greatly outweighs that of transla- 
tional velotity. 

Another striking example of a reaction which takes place more rapidly at 
lower temperatures is the reaction between carbon monoxide and a heated 
tungsten filament. With the bulb at temperatures below —40° the carbon 
monoxide attacks the filament to form the first order compound WCO, while 
with the bulb at room temperature the filament is not attacked, although the 
tungsten vapor combines with the carbon monoxide. The filament loses weight 
in presence of this gas about five times faster when the bulb is cooled than 
when it is warm. 

The tendency to form more stable compounds when the translational veloc- 
ity is low is thus proved in these two-cases and it is probable that in the nitro- 
gen-molybdenum reaction a similar relation holds. 

Let us now examine the mechanism of the reaction occurring during the 
collision of a molybdenum atom with a nitrogen molecule. 

The temperature of the filament can be of importance only in so far as 
it determines the average translational velocity of the molybdenum atoms. 
The temperature of the bulb, however, not only determines the translational 
velocity of the nitrogen molecules, but also their rotational velocity. The reac- 
tion between the molybdenum and 
nitrogen depends on the relative @ 
velocities of the reacting atoms and 
molecules, and may depend on the 
internal energy of the nitrogen 0 ae | 
molecule. The molybdenum atoms “ 
should not have any rotational 
energy. 

To test this theory against the 
experimental data we need to calculate 
the average relative velocity of the 
“molybdenum atoms and nitrogen molecules at the moment of their collision 
and to see how this relative velocity depends on the temperature of the 
filament and bulb, respectively. The question arises, does e, the real reaction 


* Proc. Roy. Soc. 87, 302 (1912). 
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velocity, depend simply on the relative velocity of the molecules which 
collide, or does it also depend on the temperature of the bulb? 

Let T in Fig. 2 represent a point at which two molecules collide; let v, 
and v, be the respective velocities of the two molecules and let these vectors 
be represented by the lines PT and OT. The angle 6 is the angle between 
these vectors. The relative velocity of the molecules v is given by the line OP 
and is equal to 

v = } t3+73—20,0, cos 0. (5) 

Molecules are much more likely to collide if they are moving towards one 
another than if moving in the same general direction. In fact, thé chance of 
a collision is directly proportional to the relative velocity v. The average rela- 
tive velocity V of the two molecules is thus found from the expression 


yal (6) 


where ds is an element of the surface of the sphere (of radius v,) described 
about the point T. 

Substituting the value of v from Equation 5 and integrating over the whole 
surface of the sphere gives 


For v2 >, : 

V = (of+29)/(v2t/se9/e2) (7) 
For ¢, >: 

V = (e}+23)/(r1 47 /s23/%) (8) 


This gives approximately the average relative velocity of the two mole- 
cules at the moment of collision in terms of the average translational velocities 
of the two kinds of molecules. 

The average velocities of the gas molecules are related to the temperatures 
by the equations 


v= ky TM, v2 = ky TL/M, (9) 


where 7,, T, are the temperatures of the gases and M, and M, are their molec- 
ular weights; k is a constant. 

If we let the subscript 1 apply to nitrogen and 2 apply to molybdenum, 
then M, = 28; M, = 96. When 7, is 2000° or more and 7, is 580° or less, 
v, is greater than v,. Hence under all the conditions used in these experiments 
we should apply Equation 7 rather than 8. 

Substituting (9) in (7) gives 

T, T,\ . T, T, M, : 
vee stan) (Van Hak) ” 

Instead of calculating the relative velocities V it will be more convenient 

to calculate the “equivalent temperature.” In the above case we have consid- 


Digitized’ by Go gle UNIVERSITY OF CALIFORNIA 


Chemical Reactions at Low Pressures. IV 257 


ered that the two gases are at different temperatures and that the relative 
velocity V depends on both temperatures. If the two gases are brought to the 
same temperature 7, and then this temperature is varied until the relative 
velocity V has the same value as before, then 7) will serve as a measure of 
this relative velocity. 

To calculate 7, we place T, = T, = Ty. In this case, however, v, is greater 
than v, and we cannot use Equation 10. We therefore substitute these and the 
values of v, and v, from (9) in Equation 8. This gives 


_ pve} 1\./1 VM", 
V=ky Ty + melo -+4, 4). (11) 


Eliminating V from (10) and (11) gives 
(1+*/sMi/Mo)?(1+M2T,/M, T2)* 





To = (MiMi) Ts Gg [M,)(-+ pM, TMT) ae 
Substituting M, = 28; M, = 96 yields 
= 143.428 nn) 
T, = 0.2105 7, Hee ; (13) 


This ‘equivalent temperature” (7,) is the temperature which a mixture 
of nitrogen and molybdenum vapor should have in order to give the same 
average relative velocity at collision as that which exists under the conditions 
of the experiments. 

The values of 7, calculated by Equation 13 for each of the runs recorded 
in Tables I, II and III are tabulated in the next to the last columns of these 
tables. The temperature 7, is always intermediate between 7, and T, and 
really gives a properly weighted mean of these two temperatures. 

We are now in a position to answer the question previously raised as to 
whether e depends simply on the relative velocity V (or on T,), or whether it 
also depends on T,. To determine this all the experimental values of log €9 
were plotted against 1/7). It was found that the values lay much more nearly 
on a continuous curve than if log ¢) were plotted against either 1/7, or 1/T;, 
but there was a very distinct tendency for higher values of € to occur at the 
higher bulb temperatures. The following semi-empirical formula agreed fairly 
well with the experimental data 


€ 4000 156 
tS Se 14 
logie-7— T, T, 5.93. (14) 
Values of € calculated by this equation from the corresponding values of 
T, and T, are given in the last columns of Table I, II and III under the head- 
ing ¢,. It is seen that the agreement is reasonably good. In the last few runs 
of Table I the calculated values of ¢ are much less than the observed. It has 


17 Langmuir Memorial Volumes I 
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already been noted, however, that these values of ¢, were much too high, 
probably because of irregularities in the filament temperature. 

These results show that reaction velocity € is much increased as the relative 
velocity V (or T,) decreases. The lowering of the bulb temperature increases € 
only because it lowers the relative velocity of the molecules. The increase in e, 
however, is not as great as is to be expected by the lowering of the relative 
velocity. In other words, the results show that while a high translational veloc- 
ity hinders the reaction a high rotational velocity of the nitrogen molecules 
hasten the reaction. The results are thus entirely in accord with Strutt’s con- 
clusions from his work on atomic nitrogen. 

It should be noted that there is nothing in these results to indicate that if 
the reaction velocity between molybdenum and nitrogen were studied under 
more usual conditions any negative temperature coefficient would be 
observed. The very large positive temperature coefficient of the rate of 
evaporation of the molybdenum would completely mask the small negative 
coefficient of the reaction between the molybdenum vapor and the nitrogen. 


3. Reaction on the Bulb 


The theory developed in the preceding pages according to which the reac- 
tion occurs during the first collision between the molybdenum atoms and the 
nitrogen molecules seems to furnish a satisfactory explanation of the observed 
phenomena. Would it also be possible to explain the results by a reaction 
between the molybdenum vapor and adsorbed nitrogen on the bulb? 

It has been previously noted? that the linear relationship in the clean-up 
of nitrogen by a tungsten filament in a bulb cooled by liquid air held down 
to pressures so low that the tungsten atoms could not have collided with nitro- 
gen atoms on their way to the bulb. The explanation offered was that the 
tungsten atoms combined with nitrogen molecules adsorbed on the bulb. 
There is some evidence of the same kind in the clean-up of nitrogen by molyb- 
denum. 

Is it possible that the molybdenum atoms do not combine at all with the 
nitrogen until after they have struck the bulb and that the nitrogen is then 
simply adsorbed by the finely divided deposit? This hypothesis would account 
for the greater clean-up as the bulb temperature is lowered and would indi- 
cate why ¢ is small compared to unity. 

On the other hand, it does not seem capable of explaining why €, decreases 
as the filament temperature is raised, nor why the rate of clean-up is always 
independent of the pressure above a few bars’ pressure. 

For these reasons as well as for the inherent improbability that atoms of 
molybdenum vapor would be more inert towards nitrogen than is solid molyb- 
denum, this hypothesis must be discarded. But there is every reason to be- 
lieve that combination with adsorbed nitrogen does occur when the pressures 


19. Am. Chem. Soc. 37, 1157 (1915). 
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are so low that many molybdenum atoms strike the bulb before striking mole- 
cules of nitrogen. We still have to consider the phenomenon of the release 
of part of the nitrogen when the molybdenum-nitrogen molecules strike the 
bulb. 

That part of the nitrogen which stays in the deposit on the bulb even when 
it is heated to 360° is probably a compound NMoN. The molybdenum atoms 
having their primary valences saturated have very little tendency to react with 
each other. Molecules represented by Mo: N, however would behave differently 
on striking the bulb. The molybdenum atoms are not saturated chemically 
and the very large forces normally acting between adjacent molybdenum 
atoms can come into play. These forces must greatly exceed those acting be- 
tween molybdenum atoms and nitrogen molecules. Under these conditions the 
molybdenum atoms combine with each other and the forces holding the nitro- 
gen are further decreased so that a large part of the nitrogen held by secondary 
valence forces escapes. At low bulb temperatures very weak restraining forces 
are sufficient to keep the nitrogen from evaporating, but at temperatures 
as high as room temperature nearly all the nitrogen escapes except that held 
by primary valence forces. 

As the nitrogen molecules leave, the molybdenum atoms are enabled to 
approach each other so as to form more points of contact. This sintering 
process takes place even when the temperature is raised from liquid air 
temperature to room temperature. Thus when the bulb is cooled again 
by liquid air the deposit does not absorb all of the nitrogen evolved when 
it first warmed up. This explains the irreversible adsorption given in Col. 
B of Table IV. 

According to this viewpoint the deposit is built up of molybdenum atoms 
one by one in such a way that each atom makes contact with probably only 
two or three others. In a crystal of tungsten and probably also of molybde- 
num the atoms are arranged in a simple cubic lattice,! each atom being surround- 
ed by six equidistant ones. Thus the structure allows the primary valence 
forces of the hexavalent atoms to manifest themselves. The very great strength, 
high melting point, and low vapor pressures of these metals are probably 
largely the result of this structure. 

When these metals form spongy deposits by vaporization in presence of 
gases, the atoms are undoubtedly held to each other in chains and branches 
of great complexity by primary valence forces. The stability of such deposits 
at ordinary temperature is excellent proof that the forces holding the atoms 
together are very directive in character. Thus if two tungsten atoms come into 
contact with a third the first two are not able at ordinary temperatures to 
alter their positions on the surface of the third so that they can come into con- 
tact with each other. As the temperature is raised, however, the thermal agi- 
tation makes it easier for the two atoms to change their relative positions slightly 


1 P. Debye, Phys. Z. 18, 483 (1917). 
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so that their chance of coming into contact increases. If atoms once come into 
contact the attractive forces become so great that they cannot separate again.1 
Sintering processes are thus irreversible. 

The high chemical activity of the molybdenum deposits on the bulb are 
thus understandable. The deposit consists of atoms many of which are in 
contact with only one or two other atoms. The strong forces of these atoms 
are therefore far form being saturated. It is not surprising that such atoms 
should react with water vapor at room temperature. 


The slow absorption of hydrogen by these deposits at room temperature is 
probably similar in nature to the penetration of hydrogen into iron, palladium 
or platinum. It is probable that the hydrogen penetrates these metals in 
the form of positive ions which are nothing but the nuclei of hydrogen atoms 
and are thus smaller than electrons. These ‘‘positive electrons,”* probably 
take positions between the metal atoms rather than outside of them. The slow- 
ness of the action is probably due to the time required for the dissociation of 
the molecular hydrogen into atomic before the ionization occurs. 

The adsorption of nitrogen by the deposit when this is cooled by liquid 
air is a typical adsorption phenomenon and need not be further discussed 
here.’ 


The irreversible absorption of nitrogen by the deposit at temperatures above 
300° is probably a direct combination of nitrogen with the most unsaturated 
of the molybdenum atoms to form the stable compound NMoN. It is likely 
that some of these molybdenum atoms are nearly as reactive as those in 
the molybdenum vapor. The experiments on the nitrogen clean-up have 
shown that the reaction takes place most readily at low temperatures. It is 
not improbable that at 600°K the reaction occurs between the nitrogen 
and the deposit on the bulb, especially as this temperature is close to the 
equivalent temperatures J), at which reaction occurred most readily (see T 
in Tables I, II and III). 


The proposed theory of clean-up of nitrogen by a molybdenum filament 
thus accounts satisfactorily not only for the observed rates of clean-up under 
various conditions, but also explains in large measure the peculiar properties 
of the deposit collectinz on the bulb. 


1 This theory of sintering seems to be of very wide application. Finely divided tungsten and 
molybdenum sinter markedly at temperatures as low as 1200° — thousands of degrees below their 
melting point. Impurities seem to hinder rather than help this action. The theory has often been 
advanced that sintering of clays, porcelains, etc., depends on the presence of small amounts of 
easily fusible materials and that pure substances would not sinter. As a matter of fact, exception- 
ally pure lime, magnesia, etc., in a fine state of division, sinter readily many hundreds of degrees 
below their melting point. 

® According to Rutherford. 

* The general theory of this kind of adsorption has been treated in J. Am. Chem. Soc. 40, 
1361 (1918). 
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Summary 


Molybdenum filaments were heated to temperatures ranging from 2000° 
to 2400°K in nitrogen at pressures of 40 bars or less (0.03 mm of mercury), 
great care being taken to exclude water vapor. 

The filaments lost weight at the same rate as if heated in vacuum. Evidently 
the nitrogen did not attack the filaments. The nitrogen disappeared at a rate 
independent of the pressure at all pressures above about one bar. 

The amount of nitrogen cleaned-up is much less than the chemical equiv- 
alent of the molybdenum evaporated. 

If we denote by ¢ the ratio of the number of molecules of nitrogen cleaned- 
up to the number of atoms of molybdenum evaporated in the same time, the 
results show that € decreases as the filament temperature or bulb temperature 
is raised. The highest values of € were about 0.4 while the lowest were about 0.01. 

With very minute pressures of water vapor such as result even in presence 
of drying agents from failure to bake out the bulb, no clean-up of nitrogen 
occurs. Under these same conditions, however, molybdenum will clean-up 
carbon monoxide, and tungsten will clean-up nitrogen or carbon monoxide. 
In each of these cases € is unity. From the fact that « is independent of the pres- 
sure but varies with the bulb temperature and filament temperature it is neces- 
sary to conclude that the reaction takes place in the space around the filament, 
that each collision between molybdenum atoms and nitrogen molecules results 
in combination, but that at least two products are formed. These probably 
are: a first order compound of the formula NMoN and a second order com- 
pound Mo:N,. The proportion of these two depends on the relative velocity 
of the molecules as the moment of collision and also on the internal energy of 
the nitrogen molecules. The first compound is very stable and cannot be decom- 
posed on the bulb by heating to 360°. Its formation is favored by low relative 
translational velocity of the colliding molecules and by high internal or rota- 
tional velocity in the nitrogen molecule. All those collisions which do not yield 
the first order compound give the second order compound. This is so unstable 
that it decomposes practically completely on striking the bulb, because of the 
much greater attractive forces between pairs of molybdenum atoms than be- 
tween these and nitrogen molecules. 

The experiments show that the deposit which collects on the bulb has remark- 
able properties as follows: 

1. It is spongy and can be easily rubbed off by the finger on opening the 
bulb, while deposits formed in high vacuum are dense and can hardly be 
scratched off with a knife. 

2. The deposit formed with the bulb at liquid air temperature gives up 
some nitrogen on being warmed to room temperature, but only a part of this 
nitrogen is absorbed again on cooling the bulb. The larger part of the nitrogen 
in the deposit is not liberated by heating in vacuum at 360°C. 
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3. The deposit readily adsorbs up to about 7/3) of its chemical equivalent 
of nitrogen when cooled by liquid air. This adsorption takes place very rapidly . 
It does not readily adsorb hydrogen under these conditions. 

4. At room temperature and above, the deposit slowly absorbs or dissolves 
large quantities of hydrogen which it slowly gives up again at 300° in a good 
vacuum. 

5. When heated in nitrogen to 270° or more the deposit combines with 
nitrogen and this is not given off again by heating in vacuum to 360°. 

6. The deposit reacts rapidly with water vapor at room temperature pro- 
ducing hydrogen, much of which remains dissolved in the deposit until liber- 
ated by heating. 

The theory of the mechanism of the reaction accounts satisfactorily for all 
these phenomena. 

The larger part of the experimental portion of this investigation was carried 
out by Mr. S. P. Sweetser. 
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Journal of the American Chemical Society 
Vol. XLII No. 11, 2190, November (1920). 


JEAN PeRRIN, in his book ‘‘Les Atomes’’ (1913), advanced the thesis that 
the action of light plays an essential part in all chemical reactions. In a more 
recent article! he shows that Arrhenius’ equation for reaction velocity can 
be derived from the Planck or Wien radiation law upon the assumption that 
the chemical action depends on the absorption of a nearly monochromatic 
radiation. Thus the increase in the velocity of a reaction with rising tempera- 
ture is supposed to be due to the increasing intensity of some particular part 
of the so-called black-body radiation. According to Wien’s radiation law, the 
natural logarithm of the intensity of any monochromatic black-body radiation 
is a linear function of the reciprocal of the absolute temperature. The slope 
of the line representing this relation is —hv/k where h is the quantum 6.6 x 10-2” 
erg seconds, v is the frequency of the monochromatic radiation, and k is the 
gas constant per molecule, or 1.37 x 10-¥* erg per degree. According to Arrhe- 
nius’ equation, an exactly similar relation holds between the natural logarithm 
of the reaction velocity and the reciprocal of the temperature. Trautz, Marcelin, 
Wm. McC. Lewis and others, from analogy with van’t Hoff’s equation, have 
identified the slope of the line obtained from the Arrhenius equation with 
Q/R where R is the gas constant and Q is the energy (per gram molecule) required 
to activate the reacting substance. The quantity Q/R thus has the same relation 
to Arrhenius’ equation that hv/k has to the Wien equation. To correlate the 
two laws it is only necessary to equate these quantities 


hb _Q (1) 


Rk R* 
But R = Nk where N is the Avogadro constant 6.1 10 molecules per 
gram molecule. Therefore 
Q=N»hb. (2) 
In other words, the heat of activation per molecule is hy, a result in accord 
with the quantum theory.” 


1 Ann. phys. [9] 11, 5—108 (1919). 

2 Haber, Verh. deut. physik. Ges. 13, 1117 (1911), proposed a relation like that of Equation 
2 for calculating the heats of chemical reactions from the natural frequencies of vibrations of the 
electrons in atoms and molecules. 
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The radiation hypothesis, together with the quantum theory, thus furnishes 
a very simple explanation of the relation between the Arrhenius equation for 
reaction velocity and the Wien radiation law. According to this hypothesis, 
all chemical reactions are to be regarded as essentially photochemical reactions 
in which the energy of radiant heat or light is transformed into chemical energy 
or vice versa.) 

Perrin has given one of the strongest arguments in favor of the hypothesis. 
In a unimolecular reaction the amount of substance reacting in a given time 
is proportional to the amount present. The chance that any molecule shall 
react during any small time interval is thus independent of the pressure. But 
the number of collisions which the molecule makes with others is proportional 
to the pressure. Therefore, as Perrin points out, the reaction of any molecule 
must be a phenomenon which is independent of collisions between molecules. 
If the reaction is not due to collisions, it seems almost necessary to conclude 
that it is caused by radiation. 

There are two consequences of the radiation hypothesis which should serve 
as a test of its validity. In the first place, it is necessary that the reacting sub- 
stance shall absorb the radiation which causes the reaction. Therefore, there 
must be an absorption band which includes the radiation in question. It is also 
to be expected that the frequency of this radiafion should be the same as that 
obtained from the specific heat, the compressibility or the melting-point by 
the relations of Nernst, Einstein, or Lindemann. 

In the second place, the total amount of energy absorbed from the radiation 
must be sufficient to activate the requisite number of molecules. Before any 
molecule can undergo reaction, it must become activated and this requires 
the absorption of the energy Av or Q/N, an amount which can be determined 
experimentally for any given reaction from the temperature coefficient of the 
reaction velocity. As far as I have been able to find, no one has tested the radia - 
tion hypothesis from this point of view, although it would seem to constitute 
a decisive test. It is the principle object of this paper to compare the energy 
absorbed in a few thermal reactions with the total available radiant energy. 

Trautz, Lewis and Perrin have attempted to correlate the frequencies cal- 
culated from Equation 2 with those of absorption bands or with the natural 
frequencies found from the specific heats, etc. The results taken as a whole 
do not seem to furnish satisfactory evidence for the radiation hypothesis. In 
a few cases the calculated frequencies do come within the range of absorption 
bands, but in most of these cases (for example, iodine) there is a very great 


1 The radiation hypothesis was proposed by Trautz in 1911, and has been developed in detail 
by him in a series of papers since then. A summary of Trautz’ work with reference to the earlier 
Papers, is given in the Z. anorg. allgem. Chem. 102, 81—129 (1918); and 106, 149 (1919). During 
the last few years Wm McC. Lewis has published numerous papers on this subject in the J. Chem. 
Soc. See particularly 7. Chem. Soc. 111, 389, 457, 1086 (1917); Phil. Mag. 39, 26 (1920). In this 
last paper Lewis points out a serious difficulty in reconciling the radiation hypothesis with either 
Planck’s or Einstein’s views regarding the mechanism of radiation. 
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number of bands and there is no way of predicting in advance which of the bands 
corresponds to the activation of the molecule. In many other cases there is 
not the slightest trace of an absorption band observed in the neighborhood of 
the calculated frequency. For example, according to Lewis’ calculation, the 
critical frequency for the dissociation of hydrogen into atoms corresponds to 
a wave length of 325 uz which is in the ultra-violet region just slightly beyond 
the visible. There is, however, no measurable absorption of light of this fre- 
quency by hydrogen. The following data on the heats of activation of various 
dissociations will be given by Dr. Dushman in a forthcoming paper, PH;— 
—73,000; As,—45,000; P,—50,000; and COCI,—61,000 g cals. per mol. The 
heat of activation of nitric oxide in its decomposition into oxygen and nitrogen 
is 65,000 cal. The value for the decomposition of nitrous oxide is 60,000 cal. 
These values correspond to wave lengths of 390 uu for PH;, 630 for As,, 570 
for P,, 474 for N,O, 467 for COCI,, and 437 for NO, which, according to the 
radiation hypothesis, should lie within absorption bands. It is evident that this 
conclusion cannot be correct, for the above wave lengths are in the visible spec- 
trum, while the gases are all colorless and therefore do not absorb perceptible 
amounts of radiation in this range. 


Is the Radiant Energy Absorbed by Gases Sufficient to Account 
“for the Observed Reaction Velocities? 


The only unimolecular gas reaction whose velocity has been directly mea- 
sured, is the dissociation of phosphine.’ At a temperature of 948°K the velocity 
constant is 0.012 per second. This means that 1.2% of the phosphine present 
at any time decomposes within the next second. Under the conditions of the 
experiment the reaction was wholly irreversible. From the temperature coeffi- 
cient of the reaction velocity Lewis has calculated that the heat of activation 
lies between 70,000 and 80,000 calories per molecule. Dushman will show that 
excellent agreement with the experimental data is obtained if we take 73,000 
for the heat of activation. According to Equation 2, this corresponds to a fre- 
quency of 7.7x 104, or to a wave length of 392 up. 

According to the radiation hypothesis, the energy required to activate the 
molecule before dissociation can occur, is supplied by the absorption of radiant 
energy having a wave length in the neighborhood of 392 wu. From the heat 
of activation and the reaction velocity we can calculate the rate at which energy 
must be supplied to bring about the reaction. From Wien’s law we can also 
determine how much radiation there is at 948° within a given range of wave 
lengths, and in this way we can see if there is enough radiant energy to cause 
the observed reaction. 

One cc. of phosphine at atmospheric pressure and 948°K contains 1.27 x 10-5 
g mols. The amount that dissociates in one second is 0.012 of this, or 


1 Trautz and Bhandarkar, Z. anorg. allgem. Chem. 106, 95 (1919). 
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1.52 10-? g mols. Taking 73,000 as the heat of activation, the energy which 
must be supplied per cc. per second is 0.0111 calorie, or 465,000 ergs. 

According to the Stefan-Boltzmann law, the total radiation from a black 
body at 948° is 4.56 x 10’ ergs per second per sq. cm. All but a minute fraction 
of this energy lies far in the infra red part of the spectrum. The Wien displace- 
ment law A,,T = 0.290 cm, shows that the wave lengths corresponding to 
the maximum of the distribution curve is 3060 yu. Wien’s radiation law gives 
for the energy radiated per sq. cm per second between the frequencies » and 
v+dv the expression 


E, dy = —RikT dy, (3) 


2nhvs 
a ° 
Here c is the velocity of light, 3.00 x 10!° cm per second. 

The radiation hypothesis gives no definite information regarding the width 
of the band dy which should be absorbed except that the radiation must be 
reasonably nearly monochromatic in order to account for the similarity be- 
tween the Wien and the Arrhenius equations. To calculate the total energy 
available in the radiation, let us assume that all energy of wave length shorter 
than 400 up can be used for activating molecules. This wave length corresponds 
to a frequency of 7.5 x 10'4 per second. By integrating the expression in Equa- 
tion 3 between this frequency and infinity, we find that the total energy radiat- 
ed from a black body at 948° with a wave length less than 400 pp is 1.3 x 10-5 
erg per second per sq. cm. This is only 3 x 10-¥ of the total energy radiated 
(in all wave lengths) at this temperature, and is about 4x 10!° times less than 
the amount of radiant energy needed to cause the reaction in one cubic cm of 
phosphine (465,000 ergs per sec). In other words, a black body at 948°K (675°C) 
radiates so little energy in the neighborhood of 392 uy that this energy would 
only be sufficient to activate molecules of phosphine in a layer having a thick- 
ness not greater than 3 x 10-" cm, even if all the radiation were absorbed within 
this layer. The observed reaction velocity, therefore, cannot be due to the 
absorption of radiation of the wave length needed to account for the observed 
temperature coefficient. 

Another fact which should make the radiation hypothesis in its present 
form untenable is that the decomposition of phosphine is not brought about 
at measurable rate by ordinary daylight, although the intensity of blue and 
violet light in daylight is enormously greater than in the radiation from a body 
heated to 675°C. 

The above objections to the radiation hypothesis apply not only in the case 
of the dissociation of phosphine, but to all unimolecular reactions. It will be 
shown by Dr. Dushman! that the velocity of any unimolecular reaction is given 
by the expression 

kh, = ye NikT (4) 


1 A short abstract covering Dushman’s theory has already been published in the 7. Franklin 
Inst., April, 1920. 
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The ‘‘frequency” » can be determined experimentally from the tempera- 
ture coefficient of the reaction velocity. The “heat of activation” is related to 
v by Equation 2. 

By means of the above equation we can now test the radiation hypothesis 
for the general case. Imagine a large vessel, bounded by plane walls, which 
contains a gas undergoing a unimolecular reaction. According to the radiation 
hypothesis, each molecule which reacts absorbs the energy hv from the black 
body radiation having a frequency approximately equal to ». Let us consider 
the reaction which takes place within a very short distance dx of one of the plane 
walls of the vessel. Since the number of molecules per cc. in a gas is p/kT we 
obtain the following expression for the energy required to activate the mole- 
cules which react within the distance dx of the wall (per second and per sq. 
cm of wall) 


2 
ein emhWkT dy. (5) 


Let us now calculate how much energy will be absorbed by the gas within 
dx of the wall. If a is the absorption coefficient of the gas for light of the fre- 
quency » the total energy absorbed by the gas in a slab of thickness dx is 2aE, dvdx 
where E, is given by Equation 3. The coefficient 2 comes into the expression 
because part of the radiant energy passes diagonally through the slab and is, 
therefore, more strongly absorbed than that passing normally. Let us assume 
that the gas can absorb energy from a band of finite width. We therefore, place 
dv = Bv where B expresses the width of the band as a fraction of the correspond- 
ing frequency. It does not seem reasonable that B should exceed say 0.1. The 
total energy absorbed in the slab (per second and per sq. cm) is thus: 


4ahv ; 
= eAT dee, (6) 
By equating Expressions 5 and 6, we obtain (in C. G. S. units) 


c2 
af = Pepa 52x 108 Fr. (7) 

This expression gives the absorption coefficient which is required if radia- 
tion is to supply the energy for the activation of the molecules. Assuming a reac- 
tion in which the heat of activation is 100,000 calories (hence, » = 1.05 x 105), 
and placing p = 10° (one atmosphere) and T = 1000°, we obtain af = 4.8 x 10°. 
If we take B = 0.1, this gives an absorption coefficient of 5x 10° per cm. In 
other words, the energy would be sufficient only for a gas layer of the order 
of 10-?° cm in thickness. If we should choose reactions occurring at lower tem- 
peratures or having lower heats of activation, we see by Equation 7 that the 
absorption coefficient would be still larger. 
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Dissociation of Hydrogen. — The experiments on the dissociation of hydro- 
gen into atoms which were carried out by Mr. G. M. J. Mackay and the writer? 
furnish strong evidence that this reaction is not caused by the absorption of 
radiation. When a tungsten filament is heated to high temperature in hydrogen, 
the heat carried away by the gas is many times greater than can be accounted 
for by ordinary heat conduction or convection. 


Taste I 


Heat Dissipation from Tungsten Filaments in Hydrogen in Watts per Centimeter 


| Absolute temperature, °K 


























2500 | 3000 3400 

At 0.0 mm pressure: 
W,, heat radiated .............. 1.92 4.46 9.41 

At 50 mm pressure: 
W,, conduction and convection ... 6.5 91 11.0 
Wg, dissociation 12.5 \ 48.0 107.0 
Ratio Wyg:W, ... 6.5 10.7 11.4 

At 750 mm pressure: 
W,, conduction and convection ... 14.4 20.2 25.0 
Wa, dissociation ss 6.3 H 29.0 69.0 
Ratio Wa: Wy ...... cece cece eens 3.3 6.5 | 7.3 





A few typical results are summarized in Table I, which gives the heat losses 
from a tungsten filament of 0.0071 cm diameter in hydrogen at 2 pressures. 
W, represents the total energy radiated per second, W, the energy carried by 
normal heat conduction and convection, while W, gives the energy carried 
away as a result of the dissociation of the gas. 

The effect of the dissociation is to cause a transfer of heat from the hot 
filament to the walls of the surrounding vessel, amounting in some cases to 
more than 10 times the total heat radiated from the filament. 

According to the radiation hypothesis, the dissociation of the hydrogen is 
produced by the absorption of a radiation of a wave length of approximately 
325 py. It is clear, however, that the absorption of the radiation from the fila- 
ment by the gas cannot be made to account for an increase in the heat carried 
from the filament. In fact, such absorption must decrease the heat loss, for 
whatever heat is absorbed by the gas in causing dissociation, will be reradiated 
when the atoms recombine, and some of this heat will thus be returned to the 
filament, while if there is no absorption, the radiated heat travels away with 
the velocity of light. 

The evidence that radiation does not play an appreciable part in the reaction 
is even more striking when we consider the small proportion of radiation pres- 
ent in the shorter wave lengths. Calculation by means of Wien’s equation 
indicates that of the total energy radiated by the filament, only the following 


1 ¥. Am. Chem. Soc. 36, 1708 (1914); and 37, 417 (1915). 
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fractions are of wave lengths less than 325 wu: at 2500°K — 0.00006; at 
3000°K — 0.0006; at 3400°K — 0.002. The observed rate of dissociation is 
thus thousands of times greater than could be accounted for by the absorption 
of radiation even if the hydrogen absorbed the radiation in question completely. 

It may be objected that the dissociation of hydrogen takes place in contact 
with the tungsten filament and that the radiation hypothesis has not usually 
been applied to reactions involving solid bodies. It would seem, however, that 
the radiation hypothesis is of such a fundamental nature that if true for gases 
it should also be applicable for liquids and solids. Moreover, the difficulty 
is not removed even in this way, for although the dissociation occurs in contact 
with the solid, the recombination certainly takes place in the gas phase, and 
this, on the basis of the radiation hypothesis, would produce a radiation of 
an intensity greater than that of a black body at the same temperature. This 
result for an endothermic reaction, is in conflict with the principles of thermo- 
dynamics. 

Dissociation of Iodine. — Isnardi* has studied the heat conductivity of iodine 
vapor in contact with a heated platinum wire having an effective surface of 
0.25 sq. cm. With the wire at 1080°K, the total energy carried by normal con- 
duction corresponded to 0.70 watt, while that caused by dissociation (W,) 
amounted to 3.49 watts. These results were obtained by subtracting the radi- 
ated energy from the total energy loss, but Isnardi does not give the amount 
of this correction. The radiation from a black-body surface of 0.25 sq. cm at 
1080°K is 1.95 watts. Since platinum at this temperature radiates about 11% 
as much as a black body, the radiation in Isnardi’s experiments must have been 
about 0.2 watt. The heat carried from the wire by the dissociation was thus 
about 17 times greater than the total heat radiated from the wire. 

Dissociation of Nitrogen Peroxide. — Nernst® developed a quantitative theory 
of heat conduction in dissociating gases and applied it to experimental data 
obtained by Magnanini for the heat conductivity of nitrogen peroxide at various 
temperatures. At 190°C the nitrogen peroxide is practically completely dissoci- 
ated into nitrogen dioxide, and the heat conductivity is about the same as 
that of carbon dioxide, but at 40°, where the degree of dissociation is only about 
30%, the heat conductivity is greater than that of hydrogen and is about 6.7 
times as great as at the higher temperature. The experimental results furnish 
quantitative confirmation of Nernst’s theory, which treats the problem as 
involving dissociation of the gas in a hot region and diffusion of the dissocia- 
tion products to a cold region, where recombination takes place. The following 
analysis will make it clear that the observed facts are in radical disagreement 
with the radiation hypothesis. 

According to the data given by Nernst, the heat conductivity K of nitrogen 
peroxide at 40° is 0.00041 calorie per cm sec degree. Of this, the conductivity 


1 Isnardi, Z. Elektrochem. 21, 405 (1915). 
2 Boltzmann-Festschrift, p. 904, Leipzig, 1904. 
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0.00037 is due to the dissociation, while 0.00004 is ordinary heat conduction. 
Let us consider 2 parallel plane surfaces one cm apart, differing in temperature 
by one degree and having an average temperature of 40°. If the space between 
the planes is filled with nitrogen peroxide, 0.00037 calorie per sq. cm per sec 
will pass across the space because of the dissociation. This corresponds to 
0.00155 watt per sq. cm. According to the Stefan-Boltzmann law, the total 
heat transferred by radiation should be 0.00070 watt per sq. cm, which is less 
than half of that caused by the dissociation. 


If the medium between the 2 plane surfaces does not absorb radiation, the 
heat transferred by radiation is independent of the distance between the surfaces, 
although the heat conducted is inversely proportional to this distance. When 
the medium absorbs the radiation, as it must, according to the radiation hypoth- 
esis, if a chemical reaction takes place, the transfer by radiation also varies 
inversely as the distance between the planes. Let us calculate how much 
heat can flow in this way. The problem involves the multiple scattering 
of heat rays. 

Consider the radiation of heat between 2 parallel plane surfaces having 
a gas between them which absorbs heat in accordance with the radiation hypoth- 
esis. For example, consider a dissociating gas in which the reaction velocity 
is so high that chemical equilibrium prevails at every point in the gas. The 
absorption of the radiation causes the dissociation, while the recombination 
must produce an equal emission of radiation of the same wave length. Under 
these conditions the radiation of heat from molecule to molecule becomes 
strictly analogous to the energy carried between molecules in heat conduction 
-in gases. We are thus justified in saying that the average distance that the heat 
rays travel before being absorbed is 1/a where a is the absorption coefficient. 
The distance 1/a corresponds to the mean free path of the molecules. Similarly, 
the radiation which arrives at any point may be considered as having come 
from a point at the average distance 1/a. 

Let us choose a coérdinate system in which the flow of heat takes place 
parallel to the X axis, so that the planes YZ are isothermal surfaces. Let T be 
the temperature at a plane having the codrdinate x. Consider the radiation pass- 
ing through a unit area of this plane in a direction making an angle 6 with 
the X axis. Since 1/a is the effective distance from which this radiation comes, 
we may take the temperature of its source as being 

pe 8T se 
dx a 

Let R be proportional to the heat radiated by a unit area of a black body 

at the temperature J. Then the energy in the radiation considered is 


dR dT cosé 


Rr de tar 
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The spherical angle from which this radiation falls on the unit area is pro- 
portional to sin@-d@ and the energy that can pass through this unit area is 
proportional to cos 6. Hence the total flux of radiation through the unit area is 


dR dT ee) 








aT de sin 6 cos 6 d6. (8) 

The total flux obtained by integrating this expression from 6 = 0 to 0 = 2/2 
and placing d7/dx = 0 must equal the energy radiated per unit area per second 
from a black body at the temperature 7. If we call this quantity W, we find 
W, = 2R. By integrating from 0 to 2 we obtain 


2 dR dT 4 dW, dT 
W= 3a dT dx 3a dT dx’ 0°) 

This represents the rate at which heat flows between the 2 parallel surfaces. 
Since it depends on the temperature gradient between the planes rather than 
the temperature difference, the flow of heat follows the laws of heat conduction. 


The coefficient of heat conductivity due to this scattered radiation is 
_ W_ _ 4 dW, 
(= dT ]de ~ 3a aT 
In this equation dW,/dT represents the heat flow per sq. cm per second 
between 2 surfaces differing by one degree in temperature when there is no 
absorbing medium between the plates. With surfaces separated by the distance 
x and with the absorbing gas between them, the rate of heat flow will be x,+x 


dw (k 








x (10) 


or =e dW,/dT. Thus with surfaces one cm apart and with an absorption 


coefficient of 1000, the effect of the gas would be to decrease the flow of radiant 
energy in the ratio 3000:4. Of course the above equation must be applied only 
to that part of the radiation which is strongly absorbed. 

We have already seen that to account for chemical reactions on the basis 
of the radiation hypothesis it is necessary to assume very large values for the 
absorption coefficient and the existence of relatively broad absorption bands. 
From the foregoing reasoning it is apparent that this must lead to a marked 
decrease in the heat that can be transferred through the gas. It is evident, then, 
that if chemical reactions take place in accordance with the radiation hypothesis, 
dissociation of a gas should decrease rather than increase the total heat flow. 
Even if it be admitted that part of the heat may be carried by the diffusion 
and subsequent recombination of the dissociation products, there will still be 
less heat flow than if the energy had been radiated through the gas instead of 
having been absorbed. It would seem that the only increase of heat conductivity 
in a dissociating gas which would be consistent with the radiation hypothesis 
is that due to the increased heat conductivity of the dissociation products 
resulting from their lower molecular weight. This should never cause an 
increase of more than about 40%, whereas experimental values show several-fold 
increase. 
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Discussion 

The evidence of the preceding pages seems to prove beyond question that 
the energy involved in chemical reactions is not.in general derived from the 
absorption of radiant heat or light. Must we then consider that the similarity 
between the Wien relation law and the Arrhenius equation is a mere coincidence, 
and how are we to explain the fact that in a unimolecular reaction the velocity 
is independent of the collision frequency? 

Among any large number of molecules in thermal equilibrium at the tem- 
perature T the probability P that a given molecule shall have the energy E or 
an energy lying between E and E+dE is given by 


P= ceBikt, (11) 


where ¢ is either independent of the temperature or varies with the tempera- 
ture at a rate which is negligible, compared with the variation of the exponential 
factor. Maxwell’s distribution law of molecular velocities is a special case of 
the above statistical law applying to kinetic energy. The equation also holds 
for potential energy of position and for internal energy of molecules, even under 
conditions where the equipartition law is not applicable. Einstein’ has shown, 
for example, that the Planck radiation equation may be derived by a very simple 
method from a fundamental statistical law of the above type. 

It would seem, therefore, that the similarity in form between the Arrhenius 
and the Wien equations may very probably be due to the dependence of both 
of these relations upon the statistical laws. In fact, the Arrhenius equation 
follows directly from Equation 11 if we assume that the chance that a given 
molecule will undergo a chemical reaction is proportional to the probability 
that it contains a specified amount of energy. The exponential factor e~**' 
gives the fraction of the molecules which have an energy in excess of E and 
which may thus be called “‘active” molecules. This factor, however, is a pure 
number and does not involve time. The velocity of a unimolecular reaction 
is measured by (1/n) dn/dt where dn is the number of molecules which react 
in the time dt and z is the total number of molecules of the reacting substance. 
This quantity has the dimensions of a frequency. The velocity of a reaction 
may thus be expressed by 


pe Be, (12) 


where v9 is a frequency (dimensions ¢~) characteristic of a particular reaction 
but which is at least approximately independent of the temperature. 

In interpreting this equation we must keep in mind that Equation 11, upon 
which it is based, depends upon the assumption of thermal equilibrium. In 
order that Equation 12 may hold, it is, therefore, necessary that the number 
of molecules which dissociate per second shall be very small compared to 


1 A. Einstein, Physik. Z. 18, 121 (1917). 
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the number that become active. The active molecules must thus remain active 
for only very short periods of time. Let t be the average duration of these 
periods. 

There are 2 types of mechanism which may underlie Equation 12. 

I. We may assume that » represents the rate of dissociation of the active 
molecules. Thus »,dt is the chance that a given active molecule will dissociate 
in the time dt. As we have seen, however, the chance that any molecule will 
dissociate during any single period of activity must be very small. Therefore, 
¥ t must be small compared to unity or 


T<< 1/%. (13) 

II. We may assume that a regular periodic phenomenon of frequency 
v is taking place in all molecules, so that there are y, “crises” in each molecule 
per second. Whenever a crisis occurs in an active molecule dissociation results. 
The chance that a crisis shall occur during any single period of activity of 
a molecule is, in this case also, equal to »)t so that the condition of Equation 
13 must be fulfilled. 

To obtain a more concrete conception of the mechanism of a unimolecular 
reaction, let us consider again the dissociation of phosphine at 948°K, at which 
temperature the velocity of the reaction is 0.012 per second. Taking the heat 
of activation as 73,000 calories per g molecule, we find that the exponential 
factor of Equation 12 is equal to 1.6x10-”, and therefore, since k, = 0.012, 
the value of » is 7.5x10. It follows, then, from (13), that rt the average 
period of activity, must be very small compared to 1.3 10-5 seconds. At 
atmospheric pressure each molecule of phosphine makes only 4.2 x 10° col- 
lisions per second with other molecules. The average time between collisions 
is thus 2.4 x 10-!° seconds. In other words, the duration of a free path is many 
millions of times greater than the period during which the molecules remain 
active. It is natural, then that the rate of reaction should not be dependent 
upon the number of collisions. This result may also be reached in the follow- 
ing manner. 

Suppose we should assume that the activation of molecules is brought 
about only by collisions. Since the proportion of active molecules is given by 
the exponential factor whose value is 1.6 10-2, it follows that the only one 
collision out of 6.2 10'* could result in the formation of an active molecule. 
But each molecule makes only 4.2 x 10° collisions per second, so that it would 
become active only once every 1.510’ seconds (170 days). The average life 
of a molecule of phosphine is, however, only 83 seconds (the reciprocal of 
the reaction velocity). The equilibrium between active and inactive molecules 
must therefore be brought about enormously more rapidly than is possible 
by the direct action of collisions. 

This brings us face to face with a fundamental difficulty. It is generally 
assumed that the activation of a molecule depends on the acquisition of an 


18 Langmuir Memorial Volumes I 
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amount of energy corresponding to the heat of activation. In the case of the 
dissociation of an elementary gas into atoms, the heat of activation has been 
found to be equal to the heat of dissociation. The question arises, how does 
the molecule acquire this energy? We have just seen that by means of collisions 
at 948°K the molecule of phosphine can receive enough energy for activation 
only once every 170 days. Since the actual life of the molecule is very short 
compared to this, it is evident that the molecules which do dissociate must 
have acquired the energy for activation subsequently to their last collisions. 
We have already proved that the radiant energy (assuming full black-body 
radiation) is millions of times too small to supply the energy needed for the 
dissociation. This discrepancy is further magnified when we consider that 
the number of molecules which become active per second must be much great- 
er than the number which dissociate. The radiation hypothesis, therefore, 
does not help us out of the difficulty. 

Unless we are to assume some new and unknown agency by which energy 
may be transmitted to isolated molecules, or are willing to renounce the con- 
servation of energy, it seems necessary to conclude that each molecule must 
contain within itself the energy required for its own dissociation. This must 
be true no matter what the temperature may be. We are thus forced to assume 
a “Nullpunktsenergie” or zero temperature energy. The difference between 
the active and inactive molecules is thus not one of total energy content, but 
lies rather in the availability of the internal energy for the purposes of chemical 
action. The exponential factor of Equations 11 and 12 must then represent 
the probability that the energy is in a form that renders the molecule active. 

We must thus conceive of a thermal equilibrium between the electrons 
or other parts of a molecule, brought about by the collisions between molecules. 
This thermal agitation inside the molecule will presumably be governed by 
statistical laws and by quantum relations and will not even approximately 
be in accord with the equipartition law, and, therefore, the energy will be rela- 
tively small in amount. The distribution of this energy among the different 
parts of the molecule determines, however, the availability of the compara- 
tively large store of zero temperature or latent energy within the molecule. Ac- 
cording to this view it is not surprising that t, the period during which mole- 
cules remain active, should be small even when compared to 10-'® seconds. 

As far as I am aware, the above reasoning has not previously been applied 
to chemical reactions, although it resembles in many points some of the phys- 
ical theories of radiation, photoelectric effect, etc. For example, in the theory 
of heat radiation it has been necessary to conceive of temperature as applying 
to the oscillations of single electrons in atoms. The velocity of electrons emit- 
ted in the photoelectric effect is independent of the intensity of the light, 
so that it has seemed necessary to assume, at least, for low intensities, that the 
energy must have resided in the atom, and that the effect of the light is to 
render the energy available to the electron by some sort of trigger action. 
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In this case, radiation plays a part analogous to that of the collisions in chemi- 
cal reactions. Thus in the photoelectric effect, the energy of the electron emit- 
ted by any atom may be very great compared to the radiant energy absorbed 
by that atom, although the total energy of the electrons emitted by any large 
surface is always less than the total radiant energy absorbed. Similarly, in a 
chemical reaction, the energy required to activate a molecule may be very great 
compared to the energy that is transferred to that molecule by a collision, 
although the total energy required for the chemical reaction in a mass of gas 
is always less than the total energy that is transferred by collisions, but is usually 
enormously greater than the total energy transferred by radiation. Both in 
the photoelectric effect and in chemical reactions, it is necessary to assume 
a kind of trigger action by which an energy of low intensity is able to control 
the disposition of an energy of high intensity. 

The difficulties of explaining the photoelectric effect have seemed nearly 
insuperable. Planck and later, Nernst,! have assumed a ‘“‘Nullpunktsenergie”’ 
in order to help explain this and other phenomena. The conception of Nernst 
bears many resemblances to that which has been developed in the present 
paper. Nernst assumes, however, that the zero temperature energy owes its 
origin to a zero temperature radiation of great intensity which passes through 
all bodies without absorption, except insofar as it can be rendered available 
by a trigger action depending upon certain thermal changes in bodies. It hardly 
seems necessary to assume this zero temperature radiation to explain chemical 
reactions. But by doing so, we would have a new radiation hypothesis for chem- 
ical action which would be free from the objections that we have raised against 
the old one. 

As an illustration of the difficulties that have arisen in connection with 
the photoelectric effect, I may refer to a recent paper by D. L. Webster,? 
in which it is proposed to abandon the conservation of energy except as a sta- 
tistical result, in order to explain some of these difficulties. Webster’s reason- 
ing can be applied with nearly equal force to the case of chemical reactions, 
but it seems that the assumption of a zero temperature energy which we have 
made above is preferable to an abandonment of the conservation of energy. 
The problem, however, is by no means solved, but it seems probable that the 
final solution will clear up both the chemical and the photoelectric problem. 

The similarity between the Wien radiation law and the Arrhenius reac- 
tion velocity law is in many respects analogous to the relation between the 
laws of photoelectric and thermionic electron emission. It has been found by 
Richardson that the thermionic emission from a heated body increases with 
the temperature according to an equation similar to the Wien or Arrhenius 
equation. Also he found that the distribution of velocities among the electrons 
is given by Maxwell’s distribution law. On the other hand, the number of 


1 Verh, deut. Physik. Ges. 18, 83 (1916). 
2 Phys. Rev. 26, 31 (1920). 
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photoelectrons emitted is proportional to the intensity of the light and the 
energy of the electrons is proportional to the frequency of the light. But if 
we let the total radiation from a heated black body fall on a metal, the number 
of photoelectrons emitted should increase with the temperature of the black 
body in accord with Wien’s equation, and the energy of the electrons should 
increase in proportion to the temperature, and thus in accord with Max- 
well’s law, because the average frequency of the light from a black body increases 
in proportion to the temperature. As a matter of fact, A. Becker! has recently 
shown that the distribution of velocities, as well as the most probable velocity, 
among the photoelectrons emitted from any substance as a result of illumi- 
nation by black-body radiation (temperature T) is the same as that found 
among the electrons emitted by’thermionic emission when the emitting body 
has the temperature T. It is thus natural to assume that the thermionic emission 
from a heated body is caused by the photoelectric effect of the radiation emitted 
by the body. Experiments show, however, that the number of electrons emitted 
thermionically is of the order of a million times greater the number that 
can be produced by the photoelectric effect from black-body radiation of 
corresponding temperature.* This result is probably closely related to the 
fact that chemical action follows laws similar to those of radiation, but the 
amount of chemical action is millions of times greater than can be explained 
by radiation. 


Summary 


In order to account for the close similarity between the Arrhenius equation 
for the velocity of chemical reactions and the Wien radiation law, and also to 
explain the fact that the velocities of unimolecular reactions cannot be depend- 
ent upon the number of collisions between molecules, it has been proposed 
by Trautz, Wm. McC. Lewis, Perring, and others, that molecules can take 
part in chemical reactions only after they have become activated, and that 
this activation is brought about by the absorption of a nearly monochromatic 
radiation. There seems to be ample evidence in support of the activation of 
molecules, but the radiation hypothesis, by which this activation depends upon 
the absorption of radiation, does not rest upon such a firm foundation. 


1 Ann. Physik. 60, 30 (1919). 

? Richardson, Becker and others have given evidence of this kind. In 1912 I made some very 
careful experiments (unpublished) to see whether photoelectric emission from tungsten could 
explain the thermionic emission. Tungsten filaments were heated nearly to their melting-point 
in highly evacuated bulbs immersed in liquid air. The vaporized tungsten produced an excep- 
tionally high vacuum as a result of the clean-up effect, and formed an opaque conducting film 
on the glass which was made to serve as a gas-free electrode for collecting electrons emitted ther- 
mionically or for emitting photoelectrons. The photoelectric effect of the light from the filament 
on the clean film of distilled tungsten was easily detected, and increased with the temperature 
in the manner expected, but the magnitude of the photoelectric currents was of the order of one- 
millionth of the corresponding thermionic currents. 
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There are two decisive tests of the validity of the radiation hypothesis: 
(1) the reacting substance ‘must absorb radiation of the frequency required 
to produce activation, and there must, therefore, be an absorption band which 
includes this frequency; (2) the total amount of radiant energy absorbed must 
be sufficient to supply the known heat of activation to the molecules which 
react. 

Examination of the available data indicates that there is little evidence 
that absorption bands occur which include the frequency corresponding to 
the activation. Thus in the dissociations of the following substances, phosphine, 
nitrous oxide, nitric oxide, phosgene, and the vapors of phosphorus and arsenic, 
the activation frequencies lie within the range of the visible spectrum, but 
the fact that the gases are all colorless proves that there are no absorption 
bands in this region. 

An analysis of the experimental data on the velocity of dissociation of phos- 
phine proves that the energy actually required for activation in one cc. at 
948°K is 4x 10'° times greater than the amount that can be supplied by 
radiation from one sq. cm of surface at 948°K. Furthermore, when the 
intensity of the radiation in question is increased enormously (as by using 
daylight), the reaction velocity does not show a corresponding increase. 

Experiments with nitrogen peroxide, hydrogen, and iodine vapor have 
proved that the heat conductivity of dissociating gases is many times greater 
than that of similar gases which do not dissociate. The increase in heat loss 
from small wires, due to the dissociation of a surrounding gas, is often more 
than 10 times the total energy radiated from the wire. On the basis of the 
radiation hypothesis, however, the dissociation entails an absorption of radia- 
tion and thus could produce only a decrease in the heat lost from the filament. 
These experiments furnish conclusive evidence against the radiation hypothesis. 

The similarity between the Arrhenius and the Wien equation thus results 
from the fact that both reaction velocity and radiation are fundamentally 
dependent upon phenomena involving probability. Both equations can be 
derived from the same statistical law. It is shown that the energy for the acti- 
vation of molecules must be derived from internal energy of the molecules. 
This conclusion involves certain very fundamental difficulties, but it is shown 
that these are of the same nature as those that are encountered in the theory 
of the photoelectric effect, thermionic emission, and other phenomena 
involving quantum relations. 
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Transactions of the Faraday Society 
Vol. XVII Part 3, 607 (1921). 


AETER the discovery of the law of mass action, and its kinetic interpretation, 
it was at first taken for granted that the same principle would apply unaltered 
to heterogeneous reactions; that is, it was assumed that the reaction velocity 
of a substance in contact with a solid would be proportional to the concentra- 
tion of one or more of the reacting substances. Subsequent work showed that 
other factors than the mere mass action effect were important in determining 
the velocity of these reactions. 

It was shown by Noyes and Whitney! that the rate of solution of solid sub- 
stances in liquids is often limited by the rate of diffusion of the dissolved 
substances away from the surface. At this surface, therefore, the solution 
remains practically saturated at all times. 

Nernst extended this theory to cover heterogeneous reactions in general. 
He assumed that all solid surfaces were covered with adsorbed films, and 
that the reacting substances must diffuse through these films before coming 
in contact with the underlying metal or other substance constituting the solid. 
He assumed that in general the rate of reaction was limited by this diffusion 
and that the reaction would be practically instantaneous if it were not for 
the adsorbed film. 

Bodenstein and Fink? adopted the general features of this theory, but con- 
sidered that the film varied in thickness, depending upon the partial pressure 
of the gases in contact with the solid. In this way they were able to account 
for cases where the reaction velocity is not proportional to the concentrations 
of the reacting substances. For example, it was found experimentally that the 
velocity of the oxidation of sulphur dioxide with a platinum catalyser, as in 
the ‘‘contact process,” was inversely proportional to the square root of the 
pressure of the sulphur trioxide. They explained this by assuming that the 
platinum was covered by an adsorbed film of SO,, whose thickness was pro- 
portional to the square root of the pressure of this component. 


* [Epitor’s Note: This paper was also published in the Gen. Elect. Rev. 25, 445 (1922)). 
1 Z. physik. Chem. 23, 689 (1897). 
2 Ibid. 60, 46 (1907). 
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Although this theory suggests a possible mechanism for the effect of cata- 
lytic poisons, it has not proved to be a satisfactory general theory of catalytic 
action. Thus, there is no logical reason for assuming, in some reactions, that 
the thickness of the adsorbed film is proportional to the square rdot of the pres- 
sure, while in other reactions, it is proportional to the first power of the pressure. 

These theories of diffusion through films require the existence of films 
relatively thick in proportion to the dimensions of molecules, for we find 
experimentally that the reaction velocities can vary a thousand, if not a mil- 
lionfold, in reactions where we have to account for this change by a variation 
in the thickness of a film. In such cases it would be necessary to have films 
so thick that we should be able to see them. Fink, however, measured the 
amount of SO, adsorbed by the platinum per unit area, and found it to be 
of the order of magnitude of a single layer of molecules. It is, then, hardly 
logical to assume that the thickness of this film can vary in proportion with 
the square root of the pressure for a wide range of pressures. 

Evidence for the Existence of very Stable Adsorbed Films. — Experiments 
which the writer began in 1912 showed that the effect of residual gases on 
the electron emission from heated tungsten filaments in vacuum was gene- 
rally to decrease the emission, instead of to increase it. Oxygen, or traces of 
water vapour, had a really remarkable effect in decreasing the current. Thus, 
at temperatures of about 1900°K, the emission was decreased many thousandfold 
by pressures of oxygen as low as one bar (one dyne per square centimetre, 
or approximately 10-* atmospheres). It did not seem possible that the oxygen 
could prevent the emission of the electrons unless it covered in some form 
the larger part of the surface. This film, however, must have been an extraordin- 
arily stable one, to remain on a filament in such good vacuum at this high 
temperature. At temperatures even as low as 1000°K no visible film is formed 
on the surface of tungsten by introducing oxygen, for the WO, which is pro- 
duced distils off and leaves the surface apparently clean. 

Since that time a long series of investigations has been made on the effect 
of low pressures of oxygen in altering the properties of tungsten at high tem- 
peratures. All of this work confirms the view that even at the highest tempera- 
tures, in the presence of traces of oxygen, the surface of the filament is prac- 
tically completely covered with a film of oxygen. 

Thus, when the filament is heated to 3300°K and a pressure of oxygen 
of a few bars is admitted to the bulb, the rate of disappearance of the oxygen 
shows that about 50 per cent of all the oxygen molecules which strike the fila- 
ment react with it to form WO,, which distils on to the bulb. Since there are 
three atoms of oxygen in the molecule of this compound and only two in the 
oxygen molecule, it is clear that at least one-half of the tungsten surface, even 
at this high temperature, must be covered with oxygen in some form. 

The chemical effects of this adsorbed oxygen film are as striking as the 
effects on the electron emission. If a tungsten filament is heated to 1500°K, 
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or more, in pure, dry hydrogen at low pressure, the hydrogen is gradually dis- 
sociated into atoms and the atomic hydrogen is adsorbed by the glass walls 
of the vessel or reacts with any WO, which may previously have been distilled 
on to the bulb. The hydrogen pressure therefore gradually decreases. This 
effect is entirely prevented by minute traces of oxygen. Thus, it a mixture 
of oxygen and hydrogen be introduced into a bulb and the tilament heated to 
1500°, instead of the gases reacting to form water vapour, as they would in 
contact with a platinum filament, the oxygen reacts gradually with the tungsten 
to form WO,. While this is going on, the dissociation of the hydrogen by the 
filament is entirely prevented, so that finally nearly pure hydrogen remains 
and the pressure becomes constant. After ten or fifteen minutes the pressure 
of the oxygen decreases to such a point (a minute fraction of one bar) that it 
no longer is able to prevent the dissociation of the hydrogen. This then begins 
suddenly to dissociate, and in a few minutes more all of the hydrogen has disap- 
peared. 

The oxygen film on the tungsten surface thus consists of oxygen in a form 
which cannot react with hydrogen even at 1500°. It certainly does not behave 
like a layer of either tungsten oxide or of highly compressed oxygen gas. Its 
chemical properties have been completely modified by its adsorption on the 
tungsten. 

The function of the oxygen in preventing the dissociation of the hydro- 
gen is clearly that of a catalytic poison. This effect of the oxygen on tungsten 
is observed with several other reactions. For example, methane is decom- 
posed by tungsten, giving hydrogen, while the carbon is taken up by the tungsten 
filament, but if the methane is mixed with oxygen, it is not decomposed until 
all the oxygen has reacted with the tungsten to form WO, and it is then de- 
composed as though no oxygen had been present. The same thing happens 
with ammonia, which, alone, is decomposed easily by a tungsten filament at 
900°K, but in presence of oxygen is not decomposed unless the filament tem- 
perature is raised above about 1300°K. 

If the electron emission is measured while a mixture of hydrogen and oxygen 
is in contact with the filament, it is found that the electron emission increases 
suddenly at the same instant that the dissociation of the hydrogen begins. 

The remarkable stability of these oxygen films, as well as the complete 
change in the chemical properties of the oxygen, gives reason for believing 
that the surface is covered with individual oxygen atoms chemically com- 
bined with the underlying tungsten atoms. This film cannot be regarded 
as consisting of an oxide of tungsten, nor as atomic oxygen, in the sense in 
which we think of free oxygen atoms. The oxygen atoms are probably held 
to the surface by four pairs of electrons, just as the oxygen atom is held to 
the carbon atom in CO,. The oxygen atoms are thus chemically saturated, 
but the tungsten atoms are not saturated, so that they are held by strong 
forces to the tungsten atoms that lie below them. This kind of structure is 
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quite in accord with the conception of the structure of solids to which we are 
led by the work of the Braggs, on crystal structure. 

Work with other metals has shown that stable films of the kind we have 
just been discussing are of very common occurrence. Oxygen forms a similar 
film on carbon, and carbon monoxide, hydrogen, cyanogen, hydrogen sulphide, 
phosphine, and arsine form stable films on platinum. It is probable that all 
substances that have a poisoning effect on catalytic surfaces form films of 
this kind. 

Evidence that these Stable Films are Monomolecular and that the Molecules 
tend to be Oriented on the Surface. — According to our present conceptions, 
atoms consist of electrons arranged in space about a positively charged nucleus. 
Whether we assume that the electrons are moving or not, it is certain that the 
electrons nearly completely surround the nucleus. In most molecules, atoms 
share pairs of electrons (duplets) with each other. In any electrically neutral 
molecule, the field of force must decrease in intensity with a very high power 
of the distance from the centre. Born has calculated that the electric force 
around a group of eight electrons, arranged at the corners of a cube and sur- 
rounding a nucleus having an equivalent charge, is inversely proportional to 
the tenth power of the distance from the nucleus. Debye, from an entirely 
different viewpoint, reaches the conclusion that the force of attraction between 
molecules is inversely proportional to the eighth power of the distance between 
them. From considerations of this kind, it can be shown that the electric force 
near the surface of an atom must decrease from a maximum value at the surface 
to a value one-half as great within a distance of about 0.3 x 10-* cm. In fact, 
an analysis of Debye’s and other data shows that this force decreases in about 
the same way on receding from the surface of the atom, for molecules of wi- 
dely differing type. In other words, this distance of 0.3 x 10-® is a nearly uni- 
versal constant, and in this way we get a much better conception of actual 
conditions close to the surface of an atom than by assuming that the force 
decreases with a power of the distance. 

If magnetic forces exist within the atom it can be readily calculated 
that these must decrease even more rapidly as the distance from the atom 
increases. 

It must be said, therefore, that our present conception of the structure 
of atoms and molecules makes it impossible for us to conceive of any appreciable 
force which one atom or molecule can exert directly on others at distances 
greater than two or three Angstrom units (10-¢ cm). Where effects are transmit- 
ted to greater distances than these, it must be the result of a transmission 
through and by atoms or molecules of matter. In view of the structure of atoms 
from positive and negative particles, it is clear that atoms should have the 
properties of a dielectric. Thus, if we have a chain of atoms linked together 
by duplets — as, for example, in the hydrocarbon chain of an organic com- 
pound — and we bring a positively charged body near one end of the chain, 
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the electrons will be attracted and the nuclei repelled, so that a certain displa- 
cement of these particles with respect to one another will result. This effect 
in then transmitted with gradually decreasing intensity from atom to atom 
throughout the length of the chain, resulting in an accumulation of positive 
charge at the opposite end of the chain. The chemical evidence indicates clearly 
that effects of this kind are sometimes transmitted relatively great distances. 
The many facts which have led some chemists to assume polar valences, such 
as directed valences in organic compounds, receive a simple explanation on 
the basis of these transmitted effects. : 

In cases where atoms are not joined firmly to one another by the sharing 
of duplets, we should never expect the transmission of electric force to extend 
through more than about one atom. On this basis, we are led to deny the 
existence of thick, stable, adsorbed films of gas molecules such as those which 
were assumed in the Nernst and in the Bodenstein-Fink theory of hetero- 
geneous reactions. If, for example, a surface is covered with a layer of oxygen 
molecules, then there should be little if any more tendency for other mole- 
cules to form a second layer than there would be for these molecules to remain 
in the surface of liquid oxygen at the same temperature. Thus, only when 
we have nearly saturated vapours should we ever obtain films of gas mole- 
cules which exceed monomolecular thickness. 

The general opinion among colloid chemists and others who have worked 
with adsorption effects, at least up to a few years ago, seems to have been 
that adsorbed films were usually of a thickness of 100 to 1000 A. According 
to the views we have reached here, such thick films cannot be regarded as the 
result of true adsorption, but can result only from condensation in capillary 
spaces in presence of nearly saturated vapours or are due to sorption or solu- 
tion. For example, it can be shown that glass, just like glue, can sorb large 
quantities of water vapour, but this is a real penetration of the water mole- 
cules into the solid material and is not a strictly surface action. 

There is no good reason for believing that it is only at low pressures and 
high temperatures that adsorbed films are of monomolecular thickness. The 
effect of catalytic poisons (as studied, for example, by Faraday), surface ten- 
sion effects, the lubricating properties of thin oil films, passivity phenom- 
ena in electrochemical actions, electrolytic overvoltage, etc., all point un- 
mistakably to the existence at atmospheric pressure of stable films quite 
analogous to those observed in high vacuum and at high temperatures. 

Lord Rayleigh, in 1899, on the basis of some beautiful experiments on 
surface tension, showed that the film of olive oil on water contaminated with 
this substance has a thickness of 10 A, and is therefore probably of mono- 
molecular thickness. This work was later extended by Devaux, Labrouste, 
and others. These results were of particular interest to the writer, because 
of their important bearing on the question of the range of atomic and mo- 
lecular forces and the structure of adsorbed films in general. 
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Experimental results on the spreading of oils on water surfaces have complete- 
ly confirmed the views outlined above. The only oils which spread on water 
are those whose molecules have active groups, such as the —COOH, —OH, 
etc., which normally increase the solubility of a substance in water. The 
spreading therefore occurs because the active group has an affinity for water, 
while the hydrocarbon chain tends to remain in contact with other chains 
of the same kind. The molecules on the surface must, therefore, be oriented, 
so that the actual surface consists of the hydrocarbon part of the molecules, 
while the active groups are all turned downward towards the surface of the 
water. It is evident that if we have a series of substances having the same active 
group, but different lengths of hydrocarbon chain, the number of molecules 
per unit area in the oil film should remain about constant, while the length 
of the molecule in the vertical direction, and therefore the thickness of the film, 
should increase in proportion to the length of the hydrocarbon chain. Numer- 
ous experiments have completely verified these theoretical deductions.1 In 
this way it becomes possible to measure the lengths and cross-sections of the 
molecules of oil films on surfaces, and to prove conclusively that the films are 
not only monomolecular, but that orientation of the molecules is a factor 
of vital importance in their formation. Very accurate measurements of the 
forces involved in the formation of these films and valuable additional inform- 
ation in regard to their structural changes have recently been obtained in 
England by N. K. Adam.? 


Evidence that surface films are monomolecular and that the molecules 
are oriented is also obtained from surface tension data on pure liquids. While 
the spreading of oil films on water depends upon the most active group in 
the molecule, the surface tension of a liquid — which is a measure of the 
potential energy of its surface — depends primarily on the least active group 
in the molecule, for the group with the lowest stray field of force will tend to 
form the actual surface layer, in order to make the potential energy a minimum. 
An analysis of practically all available published data on surface tension leads 
to a verification of this hypothesis. 


The interfacial surface tension between two liquids, such as water and mer- 
cury, or water and oil, gives, as W. B. Hardy has shown, a measure of the 
energy changes involved in the formation of the interface. W. D. Harkins? 
has made numerous measurements of interfacial surface tensions which show 
that work done in the formation of such interfaces is a measure of the activity 
of the most active part of the molecule, for the molecules become oriented at 
the interface. 


* Langmuir, Met. Chem. Eng. 15, 468 (1916); ¥. Am. Chem. Soc. 39, 1848 (1917). A brief 
summary was published in Trans. Faraday Society 15, 1 (1920). 


2 Proc. Roy. Soc. A 99, 336 (1921). 
2 7. Am. Chem. Soc. 39, 354, 541 (1917). 
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A fourth method of determining the thickness of surface films and proving 
that they are oriented in the surface, depends upon the use of Gibb’s thermo- 
dynamic equation, giving the total amount of material adsorbed in the surface 
of a solution in terms of the change in the surface tension of the solution as 
the concentration of the solute is altered. By measuring the surface tension 
of solutions at various concentrations it is thus possible to determine the amount 
of material adsorbed per unit area. As the concentration is increased, the 
amount adsorbed increases and approaches a definite limit. The results show 
that in all such cases the maximum amount adsorbed corresponds to that 
in a monomolecular film. It is thus possible to determine the number of mole- 
cules adsorbed per unit area and thus find the cross-section of the molecules. 
The length is then obtained from the known volume ot the film. This method 
is applicable to adsorbed films on liquids formed either from substances 
dissolved in the liquids, or from substances present as vapour above the 
liquid. When a solution has a lower surface tension than the pure solvent, 
the surface has a monomolecular film of the dissolved substance, but where 
the solution has a higher surface tension than the solvent the surface ot 
the solution consists of a monomolecular film containing nothing but pure 
solvent. 

Direct experiments have also been made by the writer to determine the 
maximum amount of gases that can be adsorbed by plane surfaces of glass, 
mica, and platinum!. At ordinary temperatures, with pressures of nitrogen, 
hydrogen, argon, carbon dioxide, etc., up to a few hundred bars at least, there 
is no measurable adsorption by glass or mica —that is, less than 1 per 
cent ot the surface is covered by a single layer of molecules. At the tempera- 
ture of liquid air, however, and at pressures of the order of a hundred bars, 
the surfaces become saturated by an adsorbed film which never exceeds one 
molecule in thickness. The evidence is that these films consist of molecules 
and that primary valences are not involved in their formation. The forces 
involved are unquestionably the result of the stray field of force around the 
molecule, and involve no radical rearrangement of the electrons. The forces 
are probably very much like those involved in the formation of substances con- 
taining water of crystallisation or ammonia of crystallisation. 

With a clean platinum surface which had been made catalytically active 
by bringing it into contact with a mixture of oxygen and hydrogen at low 
pressures at a temperature of about 300°C, the adsorption phenomena were 
totally different from those observed with glass and mica, at least in the case 
of the gases, hydrogen, oxygen, and carbon monoxide. When small amounts 
of oxygen were allowed to come in contact with the platinum surface, the 
oxygen disappeared almost instantly, until the total amount adsorbed corres- 
ponded to a monomolecular or monatomic film, and then no further amount 


19. Am. Chem. Soc. 40, 1361 (1918). 


zei ty Google ‘iui 





Chemical Reactions on Surfaces 285 


of this gas could be adsorbed, even with a great increase in pressure. No trace 
of the oxygen could be pumped off by heating the platinum in the best vacuum 
to 360°. 

If the platinum in this condition was allowed to come in contact with hydro- 
gen or carbon monoxide at low pressure, the oxygen film was removed and 
water vapour or carbon dioxide was produced, even at room temperature, 
and then an additional amount of hydrogen or carbon monoxide was adsorbed 
sufficient to produce a monomolecular film of these substances. The carbon 
monoxide film could be very gradually pumped off at a temperature above 
300°. No measurable amounts of nitrogen or carbon dioxide were adsorbed 
by the platinum at any time. 

These remarkably stable films on the platinum surface are of the same 
type as the oxygen films adsorbed on tungsten surface. Primary valences 
are unquestionably involved in their formation. In the case of the carbon 
monoxide, the carbon atom must be directly attached to the platinum, while 
the oxygen is thus above the carbon. The carbon monoxide molecules — 
if we can so speak of them —are thus oriented on the surface, very much 
as the molecules in an oil film. The experiments with platinum give a direct 
proof that these stable films are of monomolecular thickness. 

The evidence for the existence of monomolecular films is thus by no means 
confined to experiments at low pressures, for equally striking evidence is fur- 
nished by the surtace tension phenomena. The orientation of molecules in 
surface layers follows as a necessary result from the conclusion that the range 
of atomic and molecular forces is of the order of 1 A. The orientation in 
surface films is a phenomenon with which we must constantly reckon, just 
as we consider structural relationships in the molecules of organic compounds. 
Of course there are cases where the adsorbed film consists of single atoms, 
or of various symmetrical rnolecules, such as CH, or CCl,, where we do not 
need to consider orientation. But wherever different parts of the surface of 
a molecule may be assumed to have different propertics, we must take into 
account the probability of orientation in all adsorption phenomena and therefore 
in all catalytic actions on surfaces. 

Mechanism of Adsorption. — We have discussed the structure of adsorbed 
films and the forces involved. Let us now consider the mechanism by which 
these films form on a surface or disappear from the surface. 

When the adsorbed film of carbon monoxide on platinum gradually dis- 
appears, on heating the metal to 300° in the highest vacuum, it is logical to 
look upon this as an evaporation process. When a filament of platinum, 
or tungsten, or other metal is heated to a sufficiently high temperature in 
vacuum the material evaporates. If the metal is placed in a uniformly heated 
enclosure, the evaporation from the surface — which we may consider con- 
tinues unchanged — will be gradually offset by the return of atoms of metal 
from the vapour which accumulates in the space. Finally, an equilibrium 
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is reached in which the rate of condensation of the vapour is equal to the rate 
of evaporation. 

If we can assume that all the atoms of the vapour which strike the surface 
of the metal condense on the first collision, we may calculate the rate of 
condensation from the vapour pressure by means of the kinetic theory of 
gases. The formula usually given for the rate of effusion of gases through 
small openings can readily be put in the form 


Peper SS 
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where M is the molecular weight of the vapour, R is the gas constart, p is 
the pressure of the vapour, and m is the rate at which the gas molecules strike 
against the surface, in grams of vapour per square centimetre per second. 
Expressing p in bars, and placing R = 83.15x10* ergs per degree, this 


reduces to 
m = 43.74x 10-+y/ 


This equation gives the rate at which the molecules of a vapour strike against 
the surface. If every molecule condenses, and if we have equilibrium, then 
the rate of evaporation must also be given by this equation, so that we obtain 
a direct relation between the vapour pressure of a substance and its rate of 
evaporation in perfect vacuum. 

Experiments with many different metals have shown close agreement 
between the vapour pressures determined in this way from the rate of eva- 
poration and the vapour pressures measured by processes which involve the 
formation of saturated vapours. Knudsen has made careful experiments of 
this kind with mercury vapour, while A. S. Egerton! has carried out work 
with cadmium and zinc. Their results indicate that every atom of vapour 
condenses. 

Knudsen and R. W. Wood independently arrived at the conclusion that 
mercury or cadmium atoms condense on a glass surface only if this surface 
is cooled below a certain critical temperature. Below this temperature, prac- 
tically every atom is supposed to condense, while at temperatures materially 
above this critical point not one atom, out of thousands which strike the sur- 
face, condenses. This conclusion is not only inherently improbable in many 
ways, but is not capable of accounting for numerous experimental facts. Wood’s 
and Knudsen’s experiments are better explained by assuming that all the 
atoms of cadmium and mercury which strike a glass surface even at high tem- 
perature, condense on the surface, but that at temperatures above the “critical 
temperature,” the atoms re-evaporate before they have a chance to be struck 
by other atoms of the vapour. The writer has discussed this question in detail 
in a paper in the Physical Review 8, 1949 (1916), and subsequently carried 
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on experiments with cadmium vapour! which demonstrate conclusively that 
cadmium atoms evaporate rapidly from a clean glass surface at room tempera- 
ture. There is no real reason for believing that cadmium may not also eva- 
porate from glass at temperatures only slightly above the critical temperature 
of — 90°C cited by Wood. Since molten cadmium does not wet glass it is 
clear that the forces between a cadmium atom and a glass surface are much 
less than between cadmium atoms, and the rate of evaporation should there- 
tore be much higher than trom a cadmium surface. 

In most cases of adsorption we are dealing with a solid surface having a strong 
field of force, or a high potential energy per unit area, while on this solid is 
condensed a substance whose molecules possess a rather weak stray field of 
force. These are the conditions when ordinary gases condense on cooled sur- 
faces of glass or metals. The forces which might tend to hold a second layer 
of molecules are so weak that evaporation from the second layer occurs at 
a rate high compared with that from the first. Only with nearly saturated 
vapours, then, can a second layer form. 

With cadmium and mercury vapours condensing on glass, however, we 
have a case in which the evaporation from the second layer takes place much 
more slowly than from the first layer. We see, therefore, that a kind of in- 
stability necessarily results. There is considerable difficulty in getting the 
first layer to form, because the atoms tend to evaporate before the others are 
able to condense on top of them or beside them. If the first layer ever does 
form, then the evaporation practically ceases and successive layers are then 
formed with ease. This view seems to give a clear picture of the mechanism 
of the formation of nuclei on which condensation occurs. The formation of 
frost crystals on a greasy window pane, or Moser’s breath figures on glass, 
are illustrations of effects of this kind. 

We might suppose that when molecules of a gas strike a surface, only a cer- 
tain fraction a condense on the surface, while the others are reflected. Experi- 
mentally, however, it seems hard to find examples where a is appreciably 
different from unity. Soddy, Knudsen, and others have found, however, that 
in heat conduction from a solid surface to a gas at low pressure, the gas mole- 
cules which strike the surface do not always reach thermal equilibrium with 
the surface before leaving it. Knudsen has given the name ‘‘accommodation 
coefficient” to the fraction which expresses the ratio of the actual heat con- 
duction to that calculated on the assumption of heat equilibrium. It is to be 
noted, however, that these coefficients are usually of the order of magnitude 
of 0.8, and they are determined under conditions in which the rate of evapo- 
ration of the gas from the surface is unusually high. We should probably 
therefore look upon these as rather exceptional cases, and, in normal cases, 
unless we have definite evidence to the contrary, should assume that the coef- 
ficient a is unity. 

“"¥ Proc. Natl. Acad. Sci. 3, 141 (1917). 
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When gas molecules of any kind strike a surface, we should therefore not 
expect them to rebound elastically, but rather expect them to condense. Adsorp- 
tion is thus the result of the time lag between condensation and evaporation. 
In some cases the rate of evaporation is so low that evaporation practically 
never occurs. This is what happens, for example, when a catalyst is poisoned 
by sulphur or arsenic compounds. In other cases, the rate of evaporation 
may be so high that the time that elapses between condensation and evapo- 
ration may be of the order of 10-1 seconds or even less. 

The Mechanism of Chemical Reactions on Surfaces.— The clean surface 
of a solid crystalline Lody must consist of atoms or molecules arranged in 
a surface lattice, or kind of checkerboard. Non-crystalline bodies, such as 
glass, must have surfaces in which the atoms are probably not in regular lat- 
tices. We may also have surfaces which are porous, or consist of irregular 
filament projections and interlocking chains of atoms or molecules. In such 
cases the extent of the surface cannot be defined, except in a purely arbitrary 
manner. Most finely divided catalysts, such as platinum black, or activated 
charcoal, etc., must have structures of great complexity, and it is probable 
that the atoms are attached to each other in the form of branching chains 
so that there are hardly any groups of as little as three of four atoms which 
are as closely packed as they would be in the crystalline solid. In order to 
simplify our theoretical consideration of reactions on surfaces, let us confine 
our attention mainly to reactions on plane surfaces. If the principles in this 
case are well understood, it should then be possible to extend the theory to 
the case of porous bodies. 

In general, we should Jook upon the surface of a catalyst as consisting of 
a checkerboard in which some of the spaces are vacant, while others are 
filled with atoms or molecules. Some of these molecules, or atoms, may be 
so firmly attached that they do not evaporate at an appreciable rate. Others 
leave the surtace from time to time, and the vacant spaces thus left are sooner 
or later filled by other molecules which strike the surface and condense. 

If we have a surface such as that of platinum, and we allow to come in 
contact with it a gas, which forms an adsorbed film that evaporates slowly, 
or not at all, the surfice is no longer a platinum surface as far as possible in- 
teraction with other gas molecules is concerned. The catalytic activity of the 
platinum has thus been lost, or the catalyst has been poisoned. Arsenic, sulph- 
ur, or phosphorus compounds have this effect, for the atoms of these ele- 
ments presumably combine directly with the atoms of the platinum and do 
not evaporate at an appreciable rate. Cyanogen and carbon monoxide have 
a similar, but more transient effect on platinum, for only as long as these 
gases remain present in the gas phase does the poisoning influence persist. 

Faraday studied the effect of various substances in poisoning the catalytic 
activity of platinum on the reaction between oxygen and hydrogen. By boiling 
platinum foil in concentrated sulphuric acid, and then washing with distilled 
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water, it is brought into a condition where it causes the combination of oxy- 
gen and hydrogen at room temperature. The presence of carbon dioxide did 
not retard this action, but a trace of carbon monoxide stopped the action 
entirely, although on placing the platinum in a mixture of fresh gas, free 
from ‘monoxide, the reaction proceeded in a normal manner. Hydrogen 
sulphide, or arsine, not only prevented the action while they were present, 
but produced a permanent alteration in the platinum, so that it was neces- 
sary to boil it again in acid before it could be made active. The poisoning 
effect of oxygen on the catalytic activity of tungsten at high temperature is 
of the transient kind produced by carbon monoxide on platinum. 

In the presence of a gas which has a poisoning effect on a catalyst, the 
reaction velocity depends on that fraction ot the surface which is not covered 
by molecules of this gas. If the temperature is high enough and the catalyst 
poison is of the kind that has a transient effect, the adsorbed molecules eva- 
porate at a certain rate. If much of the gas is present, the vacant spaces thus 
produced tend to be refilled by these molecules. The fraction of the surface 
which is in an active condition is thus directly proportional to the rate of eva- 
poration of the film, and inversely proportional to the partial pressure of the 
gas producing the poisoning effect. We are thus led to an understanding of 
the mechanism of the type of reaction which was explained by Bodenstein 
and Fink by assuming adsorbed films having a thickness varying in proportion 
to the pressure of a gas. 

When gas molecules condense on a solid surface in such a way that they 
are held on the surface by primary valence forces, involving a rearrangement 
of their electrons, their chemical properties become completely modified. 
It is not surprising, therefore, that in some cases such adsorbed films should 
be extremely reactive, while in other cases they may be very inert to outside 
influences, Thus oxygen adsorbed on platinum reacts readily with hydrogen 
or carbon monoxide, while oxygen on tungsten, or carbon monoxide on plati- 
num, show very little tendency to react with gases brought into contact with 
their surfaces. The specific nature of the behaviour of these various films 
is quite consistent with the theory that the adsorption depends on typical chem- 
ical action. In many cases, especially where we deal with adsorption of large 
molecules, the orientation of the molecules on the surface is a factor of vital 
importance in determining the activity of the surface towards reacting gases. 

The reaction which takes place at the surface of a catalyst may occur 
by interaction between molecules or atoms adsorbed in adjacent spaces on 
the surface, or it may occur between an adsorbed film and the atoms of the 
underlying solid, or again, it may take place directly as a result of a collision 
between a gas molecule and an adsorbed molecule or atom on the surface. 
This third kind of action is perhaps indistinguishable from one in which the 
incident gas molecules condense on top of those already on the surface, and 
then react before they have a chance to evaporate. 
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When a surface is covered by different kinds of adsorbed molecules distri- 
buted at random over the surface, we may expect in general that adsorbed 
molecules in adjacent spaces should be able to react with one another at 
a rate which is proportional to the chance that the given molecules shall 
lie in adjacent spaces. This kind of mechanism has been discussed at length 
by the writer in connection with a study of the dissociation of hydrogen in 
contact with a tungsten filament.! When the hydrogen molecule strikes a tungsten 
surface at high temperature, at least 68 per cent. of the molecules condense 
on the surface and are held there as individual atoms. After the action has 
proceeded for a time, the distribution of atomic hydrogen over the surface 
is given by the probability laws. If 6, is the fraction of the surface covered 
by this atomic hydrogen, then the chance that any given elementary space on 
the surface shall contain a hydrogen atom is 6,. The hydrogen atoms have a very 
strong field of force, since they are unsaturated chemically (for the electrons 
are not arranged in duplets). These atoms, therefore, have a relatively low 
rate of evaporation from the surface. Two atoms in adjacent spaces on the 
surface, however, may react with one another to form a hydrogen molecule. 
This is chemically saturated, and has therefore a weak field of force, so that 
it evaporates rapidly from the surface. The rate of evaporation of molecular 
hydrogen is thus proportional to its rate of formation from the atomic hydrogen, 
and this, in turn, is proportional to 62, for the chance that two atoms shall 
lie in adjacent spaces is proportional to the square of the chance than an atom 
shall be in any given space. This statement of the problem lends itself readily 
to mathematical treatment, and the equations that were obtained for the de- 
pendence of the reaction velocity on the temperature and pressure are in full 
accord with experimental facts over a temperature range from 1500°K to 
3500°K and pressures from 10 bars up to atmospheric pressure. 

It is probable that the decomposition of ammonia, and also the forma- 
tion of ammonia in contact with solid catalysts, depends upon similar inte- 
raction between adjacent adsorbed atoms. Reactions ot this sort should be 
extremely sensitive to the actual distances between, and the arrangement 
of, the atoms in the surface of the catalyst. If these atoms are a little too far 
apart, or if their electrons are not sufficiently mobile to permit of the electron 
rearrangement involved in surtace reactions, the reaction will be much retar- 
ded. It is the opinion of the writer that these differences in the geometrical 
arrangement of the atoms in the surface is responsible for the ‘‘activation” 
of catalysts which is brought about by the action that takes place upon 
them. For example, if a plane surface of platinum be heated for the first 
time in a mixture of hydrogen and oxygen, the temperature has to be raised 
quite high before the reaction begins. When the reaction has occurred, how- 
ever, even in gases at very low pressures so that no appreciable heating effect takes 
place, the catalyst becomes modified and the reaction then proceeds, even 


1 J. Am. Chem. Soc. 38, 1145 (1916). 


Google Mee eeu 


Chemical Reactions on Surfaces 291 


at room temperature. In many cases, such effects are due to catalytic poisons, 
but there is good evidence that the effect is frequently caused by changes 
in the structure of the surface itself, brought about by the reaction. This is 
particularly noticeable in the catalytic oxidation of ammonia in contact with 
platinum wire. After the wire has been used, the surface becomes very rough, 
and gradually a disintegration of the wire occurs, because of the surface changes 
taking place. The catalytic activity of the wire is very low when first used, 
but becomes much greater after it has become activated by the reaction itself. 

The changes that occur in the surface ot the platinum under these con- 
ditions seem to be exactly similar to those that are caused by rapid fluctu- 
ation of temperature. When tantalum filaments, or certain improperly made 
tungsten filaments, are run in lamps on alternating current, the wire shows 
a tendency to ‘“‘offset,” but this effect is entirely absent if the wire is heated 
to the same temperature by continuous current. This offsetting consists of 
a slipping of the crystals of the metal along the boundary planes. In extreme 
cases it leads to a nearly complete disintegration of the structure ot the metal. 
Experiments show that this effect is directly dependent upon the rapidity 
of temperature fluctuation. Anything that increases the rapidity of tempe- 
rature fluctuation, such as the introduction of hydrogen into the bulb, increases 
the rate at which offsetting occurs, so that it is possible in a few minutes to 
produce as much offsetting as would otherwise occur during hundreds of 
hours. Under these extreme conditions, the rate of cooling of the filament 
is of the order of a million degrees per second. 

If a Coolidge X-ray tube is operated exclusively with direct current, even 
during manufacture, the surface of the target retains its high polish, even 
after long use. A few minutes’ running with alternating current roughens 
the surface of the target, and it is well known that the focal spot in the target 
assumes an appearance which is quite analogous to that of the platinum 
surface used as a catalyst for the oxidation of ammonia. It is highly probable 
that the cause is the same in both cases, namely, sudden fluctuations in tempe- 
rature between adjacent atoms in the material. 

In a surface of crystalline platinum, where the atoms are presumably ar- 
ranged in a definite surface lattice, the distances between adsorbed atoms 
which occupy adjacent spaces is probably a nearly fixed quantity, and in 
general it is unlikely that this fortuitous spacing is the best adapted to the 
interaction between the adsorbed molecules. When the surface atoms have 
been pushed around and made to assume new positions arranged more or 
less at random, the distances between adjacent adsorbed molecules vary over 
a wide range, and some of these distances will be exactly right for the reaction 
to occur at the highest possible speed. The surface thus becomes composite, 
and there is then a relatively small fraction of the surface at which the reaction 
occurs with extreme rapidity, while over the larger part of the surface it takes 
place at a very slow rate. 
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When a surface has become so roughened that it is porous, the effective 
surface area increases, and the number of favourable locations for the reaction 
to occur may become much greater. 

There is good evidence, however, that the activation is not merely due 
to an increase in the surface, for a surface which becomes activated for one 
reaction may not become activated for another reaction. For example, a plane 
surface of platinum, by a single treatment in a hydrogen-oxygen mixture 
at low pressure, can have its activity so much increased that the temperature 
at which the reaction begins is lowered from 150°C to room temperature, 
but this increase in activity for the hydrogen-oxygen reaction is not accom- 
panied by any change in the velocity observed in the reaction between carbon 
monoxide and oxygen. 

The experiments seem to indicate that the reaction between oxygen and 
hydrogen on platinum results from interaction between adjacent adsorbed 
atoms, while the reaction between carbon monoxide and oxygen takes place 
between oxygen atoms adsorbed on the surface and carbon monoxide mole- 
cules from the gas phase which strike them. This difference in mechanism 
probably accounts for the different sensitiveness to surface conditions. It 
would also suggest that the energy imparted to the individual platinum atoms 
as a result of the reaction may be much less in the carbon monoxide reaction 
than in the hydrogen reaction. If this is so, the monoxide reaction should 
produce little change in the surface, and thus should not activate the catalyst 
for the hydrogen reaction. 

The experimental evidence with carbon monoxide and oxygen on plati- 
num (described in detail in another paper presented at this meeting), proves 
that nearly, but not quite all of the reaction between these gases occurs during 
collision of carbon monoxide molecules with the oxygen covered surface. 
In reactions of this kind, which occur as the result of collisions, we may 
expect that in some cases the exposure of the ‘‘flanks’” of an adsorbed 
film to attack by colliding molecules may render them much more susceptible 
to chemical action. For example, it is conceivable — although in this particular 
case there is no experimental evidence for it —that, if the whole surface 
of platinum were covered by oxygen atoms, incident carbon monoxide 
molecules should be unable to react, while if only a certain limited portion 
of the surface were covered with oxygen, the monoxide molecules striking 
the oxygen atoms close to the place where they are attached to the 
platinum, might be able to react. In this case, the oxygen film would 
be removed progressively from its bounding edge inward. It seems quite 
possible that this kind of action may be involved in some of the passivity 
phenomena observed with iron in electrochemical action, and may also be 
effective in causing the sudden beginning of the dissociation of hydrogen by 
a tungsten tilament after small traces of oxygen have been consumed by 
the filament. 
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If we consider catalytic surface reactions with more or less complicated 
organic molecules, we should naturally expect that the orientation of the mo- 
lecules and steric hindrance effects should become more important as factors 
in the mechanism of the reaction. For example, when ethyl acetate is heated 
with different solid catalysts, it may give — 


A. CH,;CO,H+C,H, 
B. CH,;CH,CH,+CO, 
C. CH,COCH,;+CO,+C,H;OH+C,H,. 

In all these cases, the —COO— group is unquestionably directly attach- 
ed to the surface, while the rest of the hydrocarbon chain is located above 
this group. It is probable that the —COO— group is attached to the surface 
by primary valences, so that the bonds between these atoms disappear when 
the substance is adsorbed. Depending upon the different manners in which 
interaction between atoms and evaporation may occur, the resulting products 
differ. Reaction A involves only a shift in the position of a hydrogen nucleus, 
to allow the products to evaporate separately. In reaction B it is only neces- 
sary for a few electrons to shift their positions. Reaction C involves inter- 
action between two molecules which must be adsorbed in adjacent positions 
in definite geometrical relations to one another. 

Reactions at Boundaries of Phases.— Faraday observed that a pertect crystal 
of sodium carbonate or sodium sulphate! refuses to effloresce until the sur- 
face is scratched or broken, and that the efflorescence then spreads from 
the injured place. Similar phenomena have been observed with copper sul- 
phate and other crystals. In all such cases it is necessary to assume that the 
reaction (dehydration) takes place only at the boundary between two phases. 
Careful analysis? shows that wherever we have to deal, according to the Phase 
Rule, with separate phases of constant composition, the reaction occurs only 
at the boundaries of phases. Thus, in the dissociation of calcium carbonate 
by heat, the carbon dioxide is produced only at the boundary between the calcium 
carbonate and the calcium oxide phases. 

Dr. H.S. Taylor recently described experiments on the preparation of 
copper and copper oxide catalysts? in which he found that there was a long 
‘‘period of induction” in the reduction of heated cupric oxide by hydrogen. 
All the phenomena that he observed in connection with this reaction are 
in accord with the view that this is another case in which the reaction occurs 
only at the junction between phases. In conventional nomenclature we may 
say that we have here an example of autocatalysis, the metallic copper acce- 
lerating the reaction. It seems much more profitable, however, to analyse the 
phenomena in terms of the probable mechanism. 


" Experimental Researches Everyman’s Library Edition, p. 109. 
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The oxygen atoms in copper oxide are thoroughly saturated chemically, 
which means in this case that they have taken up two electrons from the 
copper atoms and have thus completed their octets, and leave the copper 
in the form of ions. There is thus no reason for expecting a strong tendency 
to react with hydrogen at moderate temperatures. In view of Taylor’s experi- 
ments, we conclude that the oxygen ions in cupric oxide are in fact very inert 
towards molecular hydrogen. Let us assume that, owing to some local im- 
perfection in the space lattice of the atoms of the copper oxide, an ion of 
copper has taken up electrons and has formed a neutral atom. It is to be expected 
that such an atom should behave towards hydrogen molecules like metallic 
copper or other metallic substances. We have already seen that hydrogen 
molecules are adsorbed by platinum and by tungsten (and therefore probably 
by other metals) in the form ot atoms. This action is presumably caused by the 
attraction of the ‘‘free’” electrons of the metal upon the hydrogen nuclei. 
The hydrogen adsorbed by the copper in atomic condition can then react 
with the oxygen ions merely by the shifting of the hydrogen nuclei from the 
copper atoms to the oxygen ions, the electrons being transferred to another 
copper atom. Each hydrogen molecule thus supplies two electrons and is ca- 
pable of converting an adjacent copper ion into a neutral atom. By such 
a mechanism it is clear that the reaction could proceed only at the junction 
between the phases. 
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THE MECHANISM OF THE CATALYTIC ACTION 
OF PLATINUM IN THE REACTIONS 
2CO0+0, = 2CO, AND 2H,+0, = 2H,O 


Transactions of the Faraday Society 
Vol. XVII Part 3, 621 (1921). 


THE REACTION between hydrogen and oxygen in contact with a platinum 
surface has long served as the most typical example of catalytic action. Faraday 
made a detailed study! of the power of platinum to induce combination of 
these gases, and found that it depended upon the previous treatment of the 
metallic surface and upon the absence of even minute traces of certain gases. 

Most chemists seem to feel that the nature of catalytic action is almost 
as great a mystery to-day as it was in Faraday’s time. With our increasing 
knowledge of the structure of solid bodies and the atoms and molecules of 
which they are built, we should now, however, gradually begin to gain a clear 
insight into the mechanisms of such surface actions. 

As a result of experimental and theoretical studies of thermionic emission 
and chemical reactions in high vacuum the writer became impressed with 
the remarkable stability of certain monomolecular adsorbed films even on 
highly heated wires or filaments and came to realise the importance of such 
films in determining chemical effects. To obtain a better understanding of 
catalytic actions, several series of experiments were carried out by heating 
platinum wires to various temperatures in mixtures of oxygen and hydrogen 
or oxygen and carbon monoxide at low pressures (below 1000 bars; 1 bar = 1 
dyne per sq. cm = 10-* atmosphere). The products of the reaction were con- 
densed as fast as formed in a portion of the apparatus cooled by liquid air. 
The rate of decrease of pressure thus served as a measure of the reaction veloc- 
ity. It was hoped that the kinetics of these reactions would throw light on 
the mechanism of the catalytic action. 

The first preliminary experiments with the platinum wire heated consid- 
erably below a red heat in mixtures of carbon monoxidea nd oxygen showed 
that the velocity of the reaction under these conditions is proportional to the 
pressure of the oxygen, but inversely proportional to the pressure of carbon 
monoxide. It was then found that Bodenstein and Ohlmer? in their study 
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of the reaction between these gases on surfaces of fused quartz, had obtained 
these same relations at about atmospheric pressure. Subsequently, Boden- 
stein and Fink! suggested tentatively that the explanation of this peculiar 
behaviour might be that the surface of the quartz glass is covered by an ad- 
sorbed film of carbon monoxide of a thickness proportional to the pressure of 
the gas. By then assuming that the oxygen has to diffuse through the layer 
of carbon monoxide before coming into contact with the quartz glass where 
it reacts with the monoxide, it was possible to explain the fact that the rate 
of reaction is proportional to the pressure of oxygen and inversely proportional 
to the pressure of carbon monoxide. ; 

There were serious objections to applying this theory in the present case, 
for in order that the thickness of the film could be proportional to the pressure 
over a wide range it would be necessary to have a film many molecules deep, 
and this seemed improbable especially at the low pressures used in these exper- 
iments with platinum wires. 

These difficulties disappear, however, if we consider that the adsorbed 
film of carbon monoxide is a monomolecular film which nearly but not quite 
completely covers the surface. Regarding the carbon monoxide molecules 
as chemically combined with the underlying platinum atoms, we have a logi- 
cal reason for believing that the oxygen molecules striking the carbon monoxide 
film should be unable to react with it, for the carbon monoxide molecules 
would be oriented on the surface, the carbon atoms being directly combined 
with the platinum and the oxygen atoms covering the carbon atoms and pro- 
tecting them from the action of the oxygen molecules which strike the surface. 
As the individual carbon monoxide molecules evaporate from the surface they 
leave vacant spaces. The oxygen molecules and carbon monoxide molecules 
in the surrounding gas then compete with each other in reaching these spaces. 
If a space becomes filled with a carbon monoxide molecule the gap in the car- 
bon monoxide film is thus repaired, but if it becomes filled by an oxygen 
molecule, this molecule (or each of the resulting oxygen atoms) can react 
with the carbon monoxide molecules which strike it and thus form carbon 
dioxide which will be held by weaker chemical forces and will therefore distil 
off rapidly. This process leaves the space still vacant so that another oxygen 
molecule can be adsorbed and a carbon dioxide molecule formed. This action 
continues until the space becomes filled by a carbon monoxide molecule. 
It is almost self-evident, under these conditions, that the velocity of the re- 
action will be proportional to the pressure of oxygen and inversely proportion- 
al to that of the carbon monoxide. As the temperature is raised the rate of 
reaction increases in proportion to the rate of evaporation of carbon mon- 
oxide from the adsorbed film. The “‘heat of activation,”’ of this reaction is thus 
merely the latent heat of evaporation of the adsorbed carbon monoxide. 


1 Z. physik. Chem. 60, 46 (1907). 


Google ee ch ae 


Mechanism of Catalytic Action of Platinum in Reactions 297 


On the basis of this theory, it is clear that as the temperature is raised or 
the pressure of carbon monoxide is lowered, the reaction velocity continues 
to increase until the film of monoxide no longer covers the larger part of the 
surface. The carbon monoxide will then cease to act as a catalytic. poison. 
In any case, however, there must be a definite upper limit to the reaction 
velocity fixed by the rate at which the gas molecules strike the surface of the 
filament. This rate is the same as that of effusion through small openings 
and may be calculated according to the principles of the kinetic theory. The 
number of grams of any gas per square centimetre per second which strike 


a surface is given by i 
“uC 
a V oer? (1) 


where M is the molecular weight of the gas, R is the gas constant (83.2 x 10° 
ergs per degree), p is the pressure in bars and T is the absolute temperature 
of the gas. This equation is to be applied separately to each of the gases present. 

If this limit to the reaction velocity is once approached, the temperature 
coefficient of the reaction velocity must fall to a negligible value. A knowledge 
of the actual velocity under these conditions should furnish particularly good 
information regarding the mechanism of the reaction. When either of the 
gases is present in very great excess, the phenomena should be much simpli- 
fied. Let us consider each of the two limiting cases separately. 

In the first case let us assume that there is a large excess of carbon monoxide, 
but the filament temperature is so high that only a small fraction of the sur- 
face remains covered by carbon monoxide molecules. In accordance with 
the results of the experiments at the lower temperatures described above, 
we may assume that oxygen molecules which strike carbon monoxide mole- 
cules on the surface do not react with them. When oxygen molecules strike 
the surface, however, a certain fraction a condenses on the surface while the 
fraction 1—a is reflected. If the temperature is not too high and if the pressure 
of carbon monoxide is large enough, every oxygen molecule (or the resulting 
atoms) which condenses will react with the carbon monoxide molecules that 
are continually striking the surface. The reaction velocity is thus limited solely 
by the number of oxygen molecules which condense and this in turn is given 
by the number that strike the surface (in accordance with Equation 1) multi- 
plied by the fraction that condense. 

Experiments were undertaken to measure the reaction velocity at high fila- 
ment temperatures. The velocity became so high that it was necessary to employ 
filaments of extremely small size in bulbs of large capacity, but it was then 
possible to measure the velocities accurately. These experiments showed that 
the reaction velocity over a wide range of temperature is independent of the 
temperature, and that with a large excess of carbon monoxide the velocity is 
practically equal to the rate at which the oxygen can come into contact with 
the filament in accordance with Equation 1. The value of a is thus found to 
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be in the neighbourhood of unity, or in other words practically all the oxygen 
molecules which strike a clean platinum surface at a red heat condense on the 
surface and remain there long enough to be struck by carbon monoxide mole- 
cules. It should be kept in mind that the number of carbon monoxide mole- 
cules which could strike oxygen molecules on the surface if the oxygen mole- 
cules merely rebounded from the surface, is wholly inadequate to explain the 
observed reaction velocity. Thus the length of time that the oxygen molecules 
(or atoms) remain condensed on the surface is very great compared with the 
time that is required for an elastic collision with the surface. 


In the second case that we wish to consider let us assume that we have a large 
excess of oxygen and that the temperature is so high that very little of the sur- 
face is covered by carbon monoxide molecules. Unless the temperature is too 
high or the pressure of carbon monoxide is too low, the oxygen which condenses 
on the surface remains until removed by reaction with carbon monoxide mole- 
cules that strike the surface. With a large excess of oxygen the surface thus 
becomes practically completely covered by a film of oxygen. The reaction 
velocity under these conditions is equal to the rate at which the carbon mon- 
oxide molecules strike the filament according to Equation 1, multiplied by ¢ the 
fraction of the collisions between carbon monoxide and adsorbed oxygen which 
result in combination. 

The experiments made with excess of oxygen and high filament tempera- 
ture (red heat and more) showed that the reaction velocity is practically equal 
to the rate at which the carbon monoxide comes into contact with the filament. 
In other words, the value of ¢ is approximately unity so that nearly all thé carbon 
monoxide molecules that strike a surface covered by an oxygen film react to 
form carbon dioxide. 

As a result of a more detailed mathematical analysis of this mechanism, we 
shall see that a consideration of the intermediate cases where neither gas is 
present in large excess leads us to a still clearer insight into the mechanism of 
the reaction. 

In the foregoing discussion we have dealt with conditions under which the 
oxygen that condenses on the surface is removed only by reaction with the 
monoxide. At still higher filament temperatures, however, a fraction of the 
oxygen which condenses must evaporate from the surface before it has oppor- 
tunity to react. At extremely high temperatures even with a large excess of 
oxygen, only a small fraction of the surface will be covered by oxygen. The veloc- 
ity of the reaction is then determined by the number of carbon monoxide mole- 
cules which strike the surface and the fraction of the surface covered by oxygen. 
This fraction is proportional to the pressure and inversely proportional to 
the rate of evaporation of the oxygen from a completely covered surface. There- 
fore the reaction velocity under these conditions is proportional to the product 


of the pressures of the oxygen and the carbon monoxide and decreases as the 
temperature is raised. 
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The experiments with the filament at a white heat have confirmed these 
conclusions, since the reaction velocity was found to be one-sixth as great 
as at a dull red heat. The results indicated that the reaction then took place 
only at the ends of the filament which were cooled by the leads. For this reason 
it was not found practicable to determine whether the reaction velocity at the 
hottest part of the filament was proportional to the product of the pressures 
of the two gases. 

Similar experiments were undertaken using mixtures of hydrogen and oxygen 
instead of carbon monoxide and oxygen. The results showed that the mechanisms 
of the two reactions are essentially similar, the hydrogen in one corresponding 
to the carbon monoxide in the other. At a dull red heat the velocity becomes 
very high and independent of the temperature. The value of ¢ was found to 
be approximately unity as in the reaction with carbon monoxide. At the highest 
temperatures, however, the velocity, in contrast with the behaviour observed 
with carbon monoxide and oxygen does not decrease to any marked extent 
even at temperatures close to the melting point of platinum. This result sug- 
gests that the decrease observed with the monoxide is due to a decrease in € at 
high temperatures in the case of carbon monoxide rather than to the evapora- 
tion of oxygen, for evaporation should bring about the same decrease in the 
velocity of the reaction with hydrogen. This point will be discussed again in 
connection with the detailed experimental data. 


Mathematical Treatment of Theory 


The theory of the mechanism of the combustion of hydrogen or carbon 
monoxide in contact with platinum which we have developed in the preceding 
pages, lends itself well to mathematical treatment. The reaction velocity depends 
upon the rate at which the gases can come into contact with a certain active 
portion of the surface of the metal and upon certain surface factors such as 
a and e which are usually if not always approximately equal to unity. 

Let yu represent the number of grammolecules of any gas of molecular weight 
M which strike each square centimetre of surface per second. Then p = m/M 
where m is given by Equation 1 in terms of p, the partial pressure of the gas. 
Making this substitution we obtain 


=o a (2) 


1 The experiments upon which the foregoing discussion is based (Exps. 441, 443, and 445) 
were carried out during the spring of 1915. A brief abstract of the general results and their theo- 
retical interpretation was published in a paper on “‘Chemical Reactions at Low Pressures” (7. Am. 
Chem. Soc. 37, 1162 (1915). A short description of the experiments and a statement of a few of 
the quantitative results regarding the values of a and ¢ were published in a paper on the “Evap- 
oration, Condensation, and Reflection of Molecules and the Mechanism of Adsorption”’ (Phys. 
Rev. N. S., 8, 149 (1916)). 
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Expressing p in bars, and placing R = 83.2x 10® ergs per degree this reduces 

to 
w= 43.75x 10-2 (3) 
¥MT 

The problem of the reaction velocity is much simplified if we assume that 
each reacting component condenses on the surface in molecular form and that 
each molecule requires only one elementary space on the surface. In other 
words we assume that any molecule can occupy on the surface the place pre- 
viously occupied by any other molecule. In view of the comparative simplicity 
which these assumptions bring into the problem we shall consider these condi- 
tions under “Case 1’. It is more probable, however, that some or all of the 
components exist in the atomic form on the surface and that some of the com- 
ponents require two elementary spaces on the surface. The consideration of 
these factors introduces some mathematical difficulties and makes it more 
convenient to use equations which apply only to special cases. We shall consider 
these under the heading ‘‘Case 2”. 

The reaction which we wish to consider is 

2CO+0, = 2CO,. 
Let the partial pressures of the three gases be denoted by f,, p, and p, respec- 
tively, in the order in which they occur in the equation. The rates at which the 
gases come into contact with a given surface are then 4, 4, and ms expressed 
in g. mols. per square centimetre per second, as obtained from Equation 3. 

Let w be the reaction velocity expressed in g. mols. of oxygen which react 
per second per square centimetre of platinum surface. Then 2 w is the rate at 
which carbon monoxide disappears and also the rate at which carbon dioxide 
is formed. 

Case 1.— The problem before us may be stated mathematically in terms 
of the following six equations. One equation is written for each way in which 
each of the components may disappear, and then there is one equation to express 
the fact that the total surface available is the sum of all the separate kinds of 
surfaces that need to be considered. 

Carbon Monoxide. — According to the mechanism we assume, the carbon 
monoxide which condenses on the platinum surface does not react with oxygen 
but leaves the surface only by evaporation. The rate of condensation on the 
platinum is a,$u, where 6 is the fraction of the total surface which is bare 
and a, is the surface factor for condensation, that is, it represents, out of all 
the molecules of carbon monoxide that strike a bare surface, the fraction which 
condenses. The rate of evaporation of carbon monoxide from the surface is 
equal to »,0, where 0, is the fraction of the total surface which is covered with 
carbon monoxide and », is the rate at which carbon monoxide would evaporate 
from a surface completely covered with an adsorbed film of this substance 
(expressed in g. mols. per square centimetres per second). If the reaction is 
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proceeding at a steady rate, the amount of monoxide condensing in a given 
time must equal the amount evaporating, so that we obtain the equation 
abu, = 48, (4) 
The carbon monoxide, however, is also involved in another process, viz. 
the reaction with oxygen molecules and atoms on the surface. We assume that 
this takes place by collision between the carbon monoxide molecules and a sur- 
face already covered with an adsorbed film of oxygen. Thus if 6, is the frac- 
tion of the surface covered with molecular oxygen, the rate at which carbon 
monoxide reacts with the molecular oxygen is €,0.4, where €, is the surface 
factor for reaction. When a carbon monoxide molecule reacts with an oxygen 
molecule, however, it must leave an oxygen atom on the surface, and this atom, 
because of its strong field of force, should not evaporate easily from the surface. 
We may therefore assume that these atoms remain on the surface until they, 
in their turn, are struck by carbon monoxide molecules. The carbon monoxide 
thus reacts with oxygen atoms on the surface at the rate ¢,0,4, where 6, is 
the fraction of the surface covered by atomic oxygen and e, is the surface factor 
for this reaction. The total rate of disappearance of carbon monoxide (2m) 
must thus equal the sum of the rates by the two processes, so that we obtain 
the equation 


2 = €D ap +€Dalr (5) 

The factors €, and €, are probably not true surface factors in the same sense 

as the factor a,. It is more logical to consider that the carbon monoxide mole- 

cules condense on the oxygen covered surface and subsequently may either 

evaporate or react with the underlying atoms. In this case the factor e measures 

the fraction of the molecules which react instead of evaporating. It is very con- 
venient, however, in most cases to look upon € merely as a surface factor. 


Oxygen Molecules. — The rate at which oxygen disappears (~) is equal to 
the difference between the rate of condensation and the rate of evaporation. 
We thus obtain 


© = aDUg—V) (6) 


where ag is the surface factor for the condensation of oxygen molecules and 
vy, is the rate of evaporation of molecular oxygen from a completely covered 
surface. 


Oxygen Atoms. — The atomic oxygen on the surface is produced by the 
interaction between carbon monoxide molecules and adsorbed oxygen mole- 
cules. Thus the rate of production of atomic oxygen (g atoms per second per 
square centimetre) is equal to the rate of disappearance of molecular oxygen («). 
The atomic oxygen is removed from the surface only by collision with carbon 
monoxide molecules at the rate €,0,u,. Hence 


o = € fy (7) 
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Carbon Dioxide. — We shall assume that the experimental conditions are 
such that the carbon dioxide that is produced does not accumulate in the gas 
phase but is removed as fast as formed so that no appreciable number of these 
molecules return to the platinum surface. We may therefore consider py, to 
be zero. The rate of production of carbon dioxide is 2w, and this must be equal 
to the rate of evaporation of this gas from the surface. We then have 


2 = 9565 (8) 
where 6; refers to the fraction of the surface covered by adsorbed carbon dioxide. 


“Constant Sum Condition’. — The final equation is obtained by placing 
the sum of all the fractions 0, 6,, etc., equal to unity: — 


6+6,+62:+0,+6; = 1. (9) 
We may now eliminate the quantities 9, 0,, etc., among the last six equa- 


tions. This is done most conveniently solving the equations for @, etc., in terms 
of w and then substituting these in (9). We thus obtain 





= (10) 
Ake Ag€ oye 
6, = TH Sth (11) 
Alora Agro 
@ 
6, = ——_ 12 
5 Eofty (12) 
6,=-2 13 
an (13) 
20 
=<. (14) 


Substituting these in (9), dividing by w and grouping the terms according 
to powers of yu gives 


A am 2+ (24 ay¥2 ] 1,_% 2 (15) 
1 


+ 
@ Gre ef Ag Ag&2% | He = aE afifle = 3 





where 


2 
patye. (16) 


€ €q 


Since 4, and jz are proportional to the partial pressures of carbon monoxide 
and oxygen respectively, Equation 15 shows how the reaction velocity varies 
with the partial pressures of the components under all conditions of tempera- 
ture that are consistent with the assumptions that we have made. The equation 
may be simplified, however, without appreciable loss of accuracy by the omis- 
sion of two terms. 
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Faraday showed that carbon dioxide had no appreciable effect on the velocity 
of the reaction between hydrogen and oxygen in contact with platinum even 
at temperatures as low as room temperature. This proves that the rate of evapo- 
ration of this gas, v3, is so great that practically none of it remains on the sur- 
face. Special direct experiments (described below) have shown that carbon 
dioxide is not appreciably adsorbed by a clean platinum surface, and that under 
the conditions of the experiments this gas does not alter the reaction velocity. 
We may therefore place »; = oo and neglect the last term in (15). 

We have already discussed some of the evidence that the rate of evapora- 
tion of oxygen from the surface is very small compared to that of the carbon 
monoxide. Further evidence will be given below. We may therefore neglect 


ayy 
the term - 13 





as compared to a Equation 15 thus becomes 
2 2 


1 Ay, 2 as 1 4 Ye 

OFM fe Ey Ag flg Eg gfy fly 

It is readily seen that this equation gives us the limiting cases which we 

have obtained in connection with our preliminary discussion of the experi- 

ments. Thus at very low temperatures the rates of evaporation of the adsorb- 

ed films will be small so that the first term of the second member of (17) 
becomes large compared to the other terms. This gives 








(17) 


@ = Gee (18) 
Gh 
and by (11) we see that 6, must then be equal to unity. 
At higher temperatures (or at lower pressures) the second and third terms 
in (17) will be the only ones of importance so that the reaction is given by 


1 2 1 
=— 19 
Ey 2 Agfly es 
With a large excess of oxygen the last term becomes negligible and we have, 
by (19), (12), (13) and (16) 





oo 


w= jew, and 6,4+0,=1 (20) 
while with a large excess of carbon monoxide we obtain by (19) and (10) 
@ =, and 6=1 : (21) 


Finally, at very high temperatures or at very low pressures the last term 
in (17) becomes the determining one, and we find by (17) and (10) 
= Satis | and O=1. (22) 
Vs 
Case 2. — The experimental results discussed in the preceding pages indi- 
cate that oxygen evaporates from a platinum surface less readily than docs 
carbon monoxide but carbon dioxide evaporates extremely rapidly so that it 
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is not appreciably adsorbed. We account for the lower rate for the monoxide 
as compared to the dioxide by chemical union between the carbon atom of 
the monoxide and the atoms of the underlying metal. It is then unreasonable 
to consider that oxygen is held on the surface merely by the stray field of force 
of the oxygen molecule. The low boiling point and the relatively small adsorp- 
tion of oxygen by surfaces of glass or mica! indicate that this stray field of force 
is small. We are thus forced to believe that the oxygen exists on the surface 
in the atomic condition, that is, that the molecular structure of the oxygen is 
broken up and that the individual atoms are combined with the underlying 
platinum atoms. From this viewpoint, the statement of the problem of reaction 
velocity as given under Case 1 can hardly be correct. As before we shall con- 
sider one equation for each component involved in the reaction. 

Carbon Monoxide or Hydrogen. — There are two hypothesis to consider 
in regard to the condensation of carbon monoxide. The platinum surface is 
to be looked upon as a kind of checker-board, each platinum atom on the sur- 
face corresponding to a square. Each carbon monoxide molecule will be able 
to combine with the platinum atoms with the two bonds or pairs of electrons 
(duplets) which become available in carbon monoxide. We cannot be sure, 
however, whether the monoxide molecule combines with a single platinum 
atom by a double bond or with two atoms by single bonds. If the molecule 
combines with only one platinum atom it occupies one space (or square) on 
the checker-board. The chance that any particular space will be vacant is given 
by 0, which also represents the fraction of the total surface which is bare. The 
rate of condensation of the monoxide is thus a,9:-, as in Case 1. But if each 
molecule combines with two platinum atoms, two spaces must be vacant at 
the place at which the molecule strikes the surface. The chance that each space 
shall be vacant is 0, while the chance that both shall be vacant is 62. The rate 
of condensation under these conditions is a,024,. The rate of evaporation of 
the monoxide in any case will be »,0, as in Case 1. 

With hydrogen the conditions are somewhat different. The hydrogen mole- 
cule as such can have no appreciable tendency to be adsorbed under the condi- 
tions of these experiments; the strong adsorption observed must then be atomic. 
The univalence of hydrogen is sufficient reason for believing that each hydro- 
gen atom is combined with only one platinum atom. Assuming that each plat- 
inum atom can hold only one hydrogen atom, the hydrogen molecules will 
condense on the platinum surface only if two spaces are vacant. The rate of 
condensation is a,6?.",. , 

The evaporation from the surface, except at the very high temperatures 
where there is perceptible dissociation of hydrogen,? must take place in the 
form of molecular hydrogen, and must involve combination between adjacent 


1 Langmuir, J. Am. Chem. Soc. 40, 1361 (1918). 
2 See Langmuir, J. Am. Chem. Soc. 37, 417 (1915). 
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atoms. The rate of formation of molecular hydrogen, and hence the rate of 
evaporation, is thus »,6?. 

Since the carbon monoxide or hydrogen which condenses on the surface 
does not react with oxygen, but can leave the surface only by evaporation, 
we obtain 


a0", = »03 (23) 
where m and n are integers having the value 1 or 2. 

Oxygen. — Assuming the oxygen to exist on the surface in the form of atoms 
chemically combined to single platinum atoms, see that the rate of conden- 
sation of oxygen is a0. At all except the very highest temperatures, the 
evaporation of the oxygen is negligible so that 

w= a6*u,. : (24) 

Carbon Dioxide or Water Vapour. — The reaction takes place only by reac- 
tion between carbon monoxide molecules (or hydrogen) and oxygen atoms 
which they strike. Therefore the rate of formation of carbon dioxide or water 
vapour (2) is given by : 

2w = €0.4, (25) 
where @, is the fraction of the surface covered by oxygen atoms. 

Constant Sum Condition. — 

646,40,=1. (26) 

These four equations (23 to 26) correspond to the six equations (4 to 9) 
considered under Case 1. Although there are fewer equations, the occurrence 
of the exponents greater than unity makes them more awkward to handle. 
Solving as in Case 1 for 6, 6,, etc., in terms of w 


ba V oO (27) 


Gefte 
or = apy (2) (28) 
V, \otts 
eo (29) 
a 
By substituting these in (26) we obtain 
2} +(, J (os) + do 4 (30) 
Agfle Agfe iat ey 


For any of the values of m and n which we have considered, the exponents 
of w in this equation are either } or 1 so that the equation can be made to take 
the form aj/w+bw = 1 where a and 6 are functions of y, and jus. 


20 Langmuir Memorial Volumes I 
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The limiting cases of special interest are those for which we place 6, 6, 
or 6, equal to unity. At low temperatures where », is small, the surface is covered 
with carbon monoxide or hydrogen (6, = 1 by Equation 28) and we have 


o= cat| (2) * (30a) 


At higher temperatures 6, becomes small. If there is a large excess of car- 
bon monoxide or hydrogen, 0, is also small, and therefore 6 will be nearly 
unity or the surface will be bare. Thus by (27) we find 

@ = Aghly (31) 
which is the same as obtained for Case 1, Equation 21. 

With an excess of oxygen 6 becomes small, and 6, becomes nearly unity, 

and (29) then gives 

o= fem (32) 
which is the same as (20), found for Case 1, although ¢ has a somewhat differ- 
ént meaning. 

The conditions of most interest to us in connection with the experiments 
are those in which either 6, = 1 or 6+6, = 1. The intermediate cases cor- 
responding to the second of these conditions are covered by Equation (30) 
with the second term omitted. Thus we obtain 








@ 20 

Vinten 2 

while the corresponding equation for Case 1 is (see Equation 19) 
@ wo 24 
Ass ef 
In dealing with (33) it is convenient to substitute 
ey 

ae Pa (34) 


and replace ey, by its value in terms of 0, from (29) which gives 


2 
V76,.4+0,=1 or r= oe (35) 
This can be readily plotted, and from the plot and from (34) and (29) the values 
of w are conveniently found for any given values of w, and py. 

Case 3. — The Effect of a Possible Reaction between Adsorbed Carbon Mon- 
oxide and Oxygen. —In the cases we have considered it has been assumed that 
no reaction occurs between carbon monoxide which has been adsorbed on 
the surface and oxygen molecules which strike the surface or which lie in ad- 
jacent spaces on the surface. Let us now consider what effect it would have 
on the reaction velocity if interaction should occur between the adsorbed carbon 
monoxide and the oxygen. 
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A. Reaction Setween Carbon Monoxide and Adjacent Oxygen Atoms. — Assum- 
ing that two spaces are required for the condensation of either carbon monoxide 
or oxygen molecules, the rate of condensation of the two gases is a,0?4, and 
a,0?u, respectively. The carbon monoxide which condenses either evaporates or 
reacts with adjacent oxygen atoms at the rate »,9,0, and thus leaves the sur- 
face as dioxide. We assume that no evaporation of oxygen occurs, and there- 
fore all the oxygen which condenses must react. Carbon dioxide is produced 
in two ways: by carbon monoxide molecules which strike adsorbed oxygen 
atoms (rate €6,u,), and by reaction between adsorbed carbon monoxide, and 
adjacent adsorbed oxygen atoms. 


We thus state the problem by the equations 


2,674, = %40,+450,05 (36) 
wo = ap, (37) 

2m = €B44,+¥50,05 (38) 
6+6,+6,=1 (39) 


To solve for 6, and 0, involves inconvenient quadratic equations. Let us there- 
fore consider special cases. At low temperatures there will be a tendency for 
the surface to be covered with monoxide. If we place 6, = 1 in (36) and (38) 
we can readily solve for w and obtain — 


iat 


= —_1 __ 40 
a) a ro 
Fale 14 SA 
V3 
The fraction a represents by (39) the ratio between the amounts of 
3 


carbon dioxide produced by the two mechanisms. If the reaction between the 
monoxide and adjacent oxygen atoms is about as important as that caused by 
collision between monoxide molecules and oxygen, then the fraction is approx- 
imately unity and the second term in the denominator of (40) is also close 
to unity. Thus, according to this equation the velocity of the reaction should 
fh 
A2le 
of the order of magnitude of unity, it follows from this mechanism that the 
rate of reaction cannot even approximately be proportional to the pressure of 
the oxygen and inversely proportional to that of the monoxide, especially at 
low pressures of monoxide. Since this conclusion is contrary to the results 
of the experiments, it is evident that at low temperatures no appreciable 
interaction occurs between the adsorbed monoxide and the adjacent adsorbed 
oxygen atoms. 


become indefinitely great when 





is near unity. Since, a, and a, are 


20° 
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B. Reaction between Adsorbed Monoxide and Impinging Oxygen Molecules. — 
Let us assume that the monoxide cannot react with oxygen atoms adsorbed 
on the platinum in adjacent spaces, but that some monoxide reacts with oxygen 
molecules which strike a portion of the surface covered with monoxide just 
as the monoxide molecules react with oxygen atoms which they strike on the 
surface. 

Carbon Monoxide. — The monoxide condenses at the rate a,6?,, and leaves 
the surface by evaporation (v,4,) and by interaction with the oxygen. When ~ 
oxygen molecules strike a surface already covered with monoxide we must 
assume that they condense to form a second layer. Let us denote by 6, the 
fraction of the total surface which is covered by the composite layer consisting 
of carbon monoxide covered in turn by oxygen molecules. Presumably the 
rate of evaporation of the oxygen molecules will be very high so that the mole- 
cules remain on the surface only a short time and cover only a small part of the 
surface. Nevertheless, the velocity of interaction with the underlying monoxide 
may be sufficient for a perceptible amount of reaction to occur. The rate of 
consumption of monoxide by this process may bé taken as £03, where f is 
the rate at which the interaction would occur if the whole surface were covered 
with the composite layer. We thus obtain the equation 


a,6?4, = »,0,+ 80; (41) 

Oxygen on Platinum. — The oxygen condenses on the platinum at the rate 
a,9*u4. It leaves the platinum only by reaction with the carbon monoxide which 
strikes it. The carbon monoxide is consumed from this cause at the rate €0,/1,. 
Since two molecules of monoxide are required to combine with one molecule 
of oxygen, the rate of consumption is twice that of the oxygen, so that we have 


20,072 = €B aH (42) 
Oxygen on Carbon Monoxide Film.— We may assume that the rate of evap- 


oration of the oxygen which condenses on the monoxide is large compared to 
the rate of reaction with the underlying film. We thus obtain the equation 


a3Oi He = ¥203 (43) 
Carbon Dioxide. — The rate of formation of the dioxide (2w) is given by 
2c = PO,+ e051; (44) 

Constant Sum Condition. — 
0+0,+6,+6, = 1 (45) 


{f only a small portion of the surface is covered with monoxide it is 
probable that we are not justified in considering condensation of oxygen 
molecules on a monoxide film. In any case the amount of reaction between 
the oxygen and the film would be small compared to that at lower temperature 
and would have a negligible effect. The only case, therefore, in which we have 
any interest in assuming that reaction can occur in this manner, is that in 


Go gle JN VERSIT OF CA 


Mechanism of Catalytic Action of Platinum in Reactions 309 


which nearly the whole surface is covered with monoxide. Placing 0, = 1 in 
(41) and (43) and solving equations 41 to 44 we obtain 


co = Oe eta t ental (46) 
ey ~ ayy 
where 
, a 
qa (47) 
2 


The factor e, represents, out of all the oxygen molecules which strike a sur- 
face covered with carbon monoxide, that fraction which reacts to form dioxide. 
Its significance is thus similar to that of other factors which we have designated 
by ¢. From the assumptions involved in (43), these equations are valid only 
when ¢; is small compared to unity. It is clear from (47) that this factor should 
vary with the temperature, but since 8 and »; are both functions of tempera- 
ture it is not possible to determine in advance whether e,’ will increase or decrease 
with rising temperature. 

It should be noted that the first term in (46) is the same as that found for 
corresponding conditions under Case 1, while the other two terms are of the 
nature of correction terms that become important only for large pressures of 
oxygen. 


Experimental Part 


In all the experiments the platinum filaments were mounted in glass bulbs 
sealed to a vacuum system consisting of Tépler pump, McLeod gauge, and 
a trap cooled in liquid air placed close to the bulb to condense mercury va- 
pour and the carbon dioxide or water vapour produced by the reaction. The 
preliminary exhaustion was done by a Gaede rotary mercury pump. All joints 
in the apparatus were glass sealed to glass and stop-cocks were avoided entirely, 
mercury seals being used to separate the different parts of the system so that 
gases could be measured before admitting to the bulb. The McLeod gauge 
had a sensitiveness such that a reading of 1.0 cm on the capillary correspond- 
ed to a pressure of 0.942 bars. The gauge had been in use several years and 
had been found to give very reliable readings of pressure. 

The gases removed from the system by the Tépler pump were collected 
over mercury, and could be analysed by measuring the changes in pressure 
that occurred after adding oxygen or hydrogen and glowing a small platinum 
wire.! 

Several different experiments were carried out. These will be described 
separately. 


* A brief description of this apparatus was published by the writer in the J. Am. Chem. Soc. 
34, 1310—3 (1912). 
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Experiment 441.— The filament in this experiment had a diameter of 0.0077 
cm and a total length of 10.4 cm and hence a surface of 0.28 sq. cm. It was 
bent in the form of a single loop welded to heavy platinum leads. It consisted 
of extremely pure platinum having a temperature coefficient of resistance 
of 0.0039 between 0° and 100°. The filament was mounted in a small tubular 
bulb attached to the system by a tube bent in the form of a goose neck so that 
the bulb could be immersed in liquid air when desired. The total volume of 
the system including the bulb was 1080 cc. 

Experiment 443.— In Experiment 441, because of the small volume of 
the bulb compared to the rest of the system, the resistance offered by the 
connecting tubing to the flow of gas was a serious inconvenience and limited 
the accuracy of the results. To avoid this in Experiment 443, a spherical bulb 
20 cm in diameter was chosen. This was directly connected to an appendix 
12 cm long and 3 cm diameter which was kept immersed in liquid air to remove 
the products of reaction as rapidly as possible. Mercury vapour was excluded 
from the bulb by another liquid air trap. The total volume of the system was 
4.75 litres, 4.4 litres being in the bulb and its appendix. The filament was a piece 
of the same wire as that used in Experiment 441, its length being 11.8 cm, and 
its surface 0.32 sq. cm. 

The temperature of the filament was determined as follows. The wire was 
the same as that which had been used in measuring the rate of evaporation 
of platinum, and the temperature for various heating currents (in vacuum) 
had been determined from the intrinsic brilliancy for a range of temperatures 
from about 1300° to 2000°K. The change in resistance with the temperature 
over this range agreed well with the usual values. The total energy radiated 
(corrected for the cooling effect of the leads as described below) was found 
to vary with the 4.87 power of the absolute temperature. A table of the resist- 
ance and wattage per unit length at temperatures down to room temperature 
was thus prepared, and from these the current and voltage were calculated. 
When these were compared with the volts and amperes observed for the fila- 
ment of this experiment the agreement was found to be excellent (voltage within 
1 or 2 per cent at given current) after correcting for the cooling of the leads. 

An analysis of the problem of the cooling effect of the leads? shows that the 
effect is to decrease the voltage drop for the whole filament by an amount 
which is independent of the diameter of the filament and increases nearly 
linearly with increase of filament temperature, and for different metals is 
approximately proportional to }/oh where @ is the specific resistance and h 
is the heat conductivity. But according to the Wiedemann-Franz relation, 
the product gh is the same for all pure metals. Thus the cooling effect of the 
leads, if expressed as a voltage correction, is approximately the same for all 


1 Langmuir and Mackay, Phys. Rev. 4, 377 (1914). 
® Langmuir, ibid. 7, 151 (1916), abstract only. 
* Langmuir, General Electric Rev. 19, 210 (1916). 
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pure metals. When the ends of the filament are cooled by large leads as in the 
present experiment, this voltage correction for a single loop (including the 
effect at the two ends) is 


AV = 0.00026(T—1.3T,) volts 


where T is the temperature of the central portion of the filament, and T, is 
the temperature of the lead. This is accurate only when T is considerably 
larger than Ty. For the low temperatures of these experiments it was esti- 
mated that a more accurate expression would be 


AV = 0.00016 (T — 300) volts. (48) 


The reaction that was studied in this experiment had a high temperature 
coefficient of velocity. The cooling of the ends of the filament thus decreased 
the observed velocity. This effect can be calculated readily as it varies only 
slightly with the temperature coefficient. 

The correction that applies to such cases (for platinum or any other pure 
metal) is given by the formula 

AV, = 0.00017 T® — 0.05 volts. (49) 
Here AV, represents the voltage of a length of uncooled filament which would 
give the same effect as the decrease caused by the cooling of the leads. This 
equation applies to any quantity H which varies in proportion to the length 
of the filament. Thus H may represent candle power, electron emission, rate 
of evaporation or velocity of a reaction. Suppose the voltage drop along the 
filament is 5 volts, and AV, is calculated to be 2 volts, while AV by (48) is 
1 volt. Then if there were no cooling of the ends of the filament, the voltage 
of the filament would be 5+1 or 6 volts. The decrease in the quantity H caused 
by the cooling corresponds to 2 volts, and thus amounts to 4 of the value 
of H for the uncooled filament. Thus the corrected value of H will be 3 of 
the observed value of H for the filaments with ends cooled. 

In the above equation ® is a number which depends upon the temperature 
coefficient of the quantity H. If we let represent the exponent of the power 
of the temperature with which H increases, then the values of ® depend upon 
n as follows: 


n=05 10 2 3 5 10 20 30 50 
S@=048 0.85 1.23 1.44 1.72 210 2.47 2.69 2.95 
On the basis of rough preliminary estimates the temperature coefficient 
of the reaction velocity was taken to correspond to n = 40 and therefore ® = 


2.8. The correction actually applied to the reaction velocity to take account 
of the cooling of the ends of the filament was thus calculated from 


AV, = 0.00048 T — 0.05 volts. 


The correction usually resulted in an approximate doubling of the observed 
reaction velocity. 
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To measure the temperature of the central portion of the filament, the 
observed voltage used by the filament was corrected by adding AV from (48); 
dividing this by the observed amperes gave the corrected resistance. From 
the table already prepared the temperature could be found. 

A check on the substantial accuracy of these temperatures, even down 
to temperatures as low as 450°K was obtained by noting the increase in wattage 
required to maintain constant resistance when pressures of carbon monoxide 
up to about 60 bars were introduced. The heat conducted away by the gas 
was found to amount to 2.4.x 10-* watts per bar per degree temperature differ- 
ence between the filament and the bulb. This agrees reasonably well with 
the value 2.2x10-* calculated from the kinetic theory.! At a temperature 
cf 650°K with 54 bars of carbon monoxide the cooling effect of the gas raised 
the wattage to 2.3 times its value for the best vacuum. In Experiment 441 
the current through the filament was kept constant while the gases reacted 
in contact with the filament. The decrease in pressure thus caused a gradual 
increase in temperature which, however, could subsequently be determined 
from the changes in voltage that were recorded. In Experiment 443 this dif- 
ficulty was largely avoided by maintaining constant resistance during the 
reaction with the gas. Because of a decrease in the correction for the cooling 
by the leads when gas is present, there was still a small rise of temperature 
amounting in some cases to 20°. Careful consideration shows that Equation 
48 for the cooling effect of the leads, although less accurate when considerable 
gas is present, still gives a very fair approximation. 

In Experiment 441 since the volume of the bulb was small compared to 
the rest of the system, the resistance which the tubing offered to the flow 
of the gases was often considerable although the tubing was of at least 7 mm 
internal diameter. When the filament was raised to high temperature (600°K 
for hydrogen-oxygen or 700° for carbon-monoxide-oxygen mixtures) the rate 
of disappearance of the gases became constant, and showed no further increase 
at higher temperatures. Under these conditions the rate of decrease of pressure 
was accurately proportional to the pressure, the pressure giving a straight 
line when plotted on semi-logarithmic paper. The slope of this line correspond- 
ed to a rate of 1.18 per minute for equivalent mixtures of oxygen and hydro- 
gen and to 1.06 per minute for carbon-monoxide and oxygen. These rates are 
expressed in terms of the change in the natural logarithm of the pressure per 
minute. 

Although at lower filament temperatures the rates were less than these 
maximum rates, they were not so much lower that the resistance to flow of 
the gases could be neglected. The effect of this resistance was therefore taken 
into account in the following calculations. 

From the pressures read by the McLeod gauge, the quantities of gas in 
the system (in cubic millimetres at 1 atmosphere and 20°C) were calculated 


1 Langmuir, Gen. Electric Rev. 19, 210 (1916). 
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by merely multiplying the pressure in bars by the volume of the system in 
cubic centimetres. Let g, and g, be the quantities of carbon monoxide (or 
hydrogen) and oxygen respectively, and let g, be the excess of one of the gases. 
If no impurities are present then gp is equal to the residue left when the com- 
bustion is complete. If there is an excess of carbon monoxide (or hydrogen) 


Go = %— 242 (50) 
while with an excess of oxygen we have 
Jo = I2—- 3h (51) 


At the relatively low temperatures which were used in Experiment 441, 
the conditions were favourable for the application of Equation 18. For the 
present purpose we may assume that a, and a, are each equal to unity. 

Substituting the values of “4, and mu, from (2) in (18) we obtain 


He Pa M, q2 M, 
o=ry ro yy ht V M, y % Mi, (52) 


For mixtures of carbon monoxide and oxygen this gives 











wo = 0.93», (53) 

Nn 

while for mixtures of hydrogen and oxygen 
wo = 0.25 9,22, (54) 

n 


When the gases are present in equivalent proportions (q, = 2q,) the reaction 
velocity by (54) is independent of the total pressure. It will be convenient to 
express the experimental results in terms of k, the number of cubic millimeters 
of oxygen which react per minute per square centimetre under these conditions. 
Since there are 24.6 x 10° cubic mm in a gram molecule of gas at room tem- 
perature and 1 atmosphere, the relation between w and is 


wo = 68x 104. g mols./cm? sec. (55) 
1 


In order to calculate k from the experiments we proceed as follows. If 
A is the surface of the filament, then from the definition of & it is evident that 


dq, q 

Te 2Ak iat (56) 
This equation applies only to conditions in which the resistance to flow 

through the tubing is negligible. This is not the case in the present experiments. 

If the reaction velocity were infinite, the resistance of flow through the tube 

may be defined by 

_ dt 

~ ding 


R (57) 
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If the filament temperature is lower so that the reaction proceeds more 
slowly, the filament may be regarded as offering a certain resistance to reac- 
tion which may be defined by a similar equation, it being assumed that no 
resistance is now offered by the tube. In case we must consider the effect 
of both resistances, we need merely regard them as being in series.! 

When there is an excess of carbon monoxide or hydrogen we substitute 
the value of g, from (50) into (56) and obtain 


dt _ +340 
ange ARS (28) 
Integration of this gives 
— Ak(t—to) = 92+(ARR+ }q,) Inq. (59) 


With an excess of oxygen we substitute the value of g, from (51) into (56) 
and obtain 








at vi 
ding, ~ 2AK(q.+2¢) ** (60) 


Integration gives 
— AR(t—t,) = ARR In q+ }9,— In (9, +295) - (61) 


Equations 59 and 61 show how the pressure decreases as a function of 
the time. In most cases the term involving R was very small, being a mere 
correction term. Fig 1 shows how the pressure varied with the time in typ- 
ical experiments. The curve marked “Excess of Carbon Monoxide” was 
calculated by placing Ak = 1, R= 0, and g) = 1 in (59). The values of q, 
represent the quantities of oxygen. The corresponding quantities of carbon 
monoxide (q,) were then calculated by (50), and the total amount of gas was 
therefore g,+9,. Assuming a system having a volume of one litre, the pressure 
in bars is numerically equal to the quantity of gas in cubic millimetres so that 
the ordinates in Fig. 1 are denoted pressures. In similar manner the curve 
marked “Excess of Oxygen” is calculated from (61) by making the same sub- 
stitutions as in the preceding case. Finally the curve marked ‘Equivalent 
Proportions” is obtained by placing Ak = 1, R= 0, and g) = 0 in either 
(59) or (61). 

At very high pressures the three curves tend to be straight and to have 
the same slope since the ratio of the pressures of the two gases is then nearly 
constant. With the gases in equivalent proportions, the curve remains straight 
down to low pressures. With an excess of carbon monoxide, as this gas begins 
to accumulate, the reaction slows up and the pressure finally approaches a hori- 
zontal asymptote, the reaction velocity becoming proportional to the residual 


! This and other methods of handling problems involving the flow of gases in vacuum systems 
is discussed at length in a paper by the writer on the condensation pump, Gen. Electric Rev. 19, 
1062 (1916). 
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partial pressure of oxygen. With an excess of oxygen, however, the reaction 
velocity increases without limit as the pressure of carbon monoxide decreases 
to zero. Of course actually the velocity would become limited by the factors 
in (15) which we have neglected in deriving (59) and (61). The curves obtained 
from the experimental data with carbon monoxide and oxygen were practically 
identical with those of Fig. 1. With an excess of oxygen, the velocity always 
became so great at the end of the run that it could not be measured, even with 
the lowest temperatures at which the reaction could be made to begin. 




























































































The results obtained with mixtures of carbon monoxide and oxygen in 
Experiments 441 and 443 are given in Table I. The second column gives 
the temperature of the central portion of the filament as found from the resist- 
ance corrected for the cooling effect of the leads in the manner already de- 
scribed. The third column gives the value of the velocity constant k expressed 
in cubic millimetres of oxygen which react per minute per square centimetre 
of filament surface with equivalent proportions of the gases, as defined by 
Equation (56). To determine this ‘‘constant” from the experimental data the 
procedure was as follows: 

The pressures of gas in the system were recorded at regular intervals of 
one minute. From the known composition of the gas mixture which was intro- 
duced, and also from the final residue of gas remaining when the reaction 
was complete, it was possible to calculate the partial pressure of each con- 
stituent at each of these periods and from these the quantities q, and q.. By 
substituting these in (59) or (61) (according to which gas was in excess), values 
for Ak(t—t,) were obtained. These were plotted against the time in minutes. 
The points were found to lie on approximately straight lines as long as the 
temperature remained constant. Because of the tendency for the filament 
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temperature to increase even when the resistance was kept constant, resulting 
from the decreasing importance of the cooling effect of the leads, the curves 
gradually became steeper as the pressure fell. The curve was therefore usually 
divided into three parts and the slope and temperature recorded separately 
for each part. The slope thus obtained should be equal to Ak. Dividing this 
by the surface of the filament A yields the value of & given in Table I. 


Tasie I 


Velocity of Reaction between Carbon Monoxide and Oxygen 
at Relatively Low Temperatures 











Experiment 441 
aes | Reaction | | ohcara Final ae 
Not -rature Velocity Time t |_ ‘3 %, a = 
. 5 | f] 
°K k | in min co O, | Ratio co O, | Ratio 
| mm?*/min cm*) | pt | Pt | phe | oy! ode | te 
1 506 0.06 7 | 3.40 1.94 1.79 3.34 | 1.90 1.76 
2| 569 1.6 3 3.16 1.43 2.21 | 2.89 1.30 2.22 
3 581 2.0 5 2.89 1.30 2.22 2.26 0.99 2.28 
4 592 3.5 11 2.26 0.99 2.28 0.31 0.02 15 
5 572 Ae? 3 3.75 1.28 2.94 3.43 1.12 3.06 
6 578 2.0 4 3.43 1.12 3.06 2.98 0.89 3.35 
7 585 2.2 6 2.98 0.89 3.35 2.23 0.52 4.3 
8 592 2.5 32 2.23 0.52 4.3 1.20 0.006 | 200 
9 592 3.5 3 1.67 2.33 1.39 0.03 ; 1.51 0.02 
Experiment 443 
1 577 0.9 4 17.6 23.3 0.75 |; — => _ 
2 718 123 2 3.11 4.23 0.74 0.05 2.70 0.02 
3 716 96 3 3.78 4.04 0.94 0.03 | 2.15 0.014 
4 603 1.2 1 $.25 11.43 0.46 5.15 11.40 0.45 
5 606 2.4 1 5.15 11.40 0.45 4.83 11.22 0.43 
6 630 12 2 4.67 11.18 0.42 0.65 9.15 0.07 
7 608 78 7 56.8 8.64 6.58 54.4 | 7.95 6.83 
8 644 74 14 51.9 7.74 6.71 45.3 3.41 13.3 
9 648 85 21 45.3 3.41 | 13.3 40.1 0.80 50.3 
10 725 1000 3 40.1 0.80 | 50.3 38.8 0.14 277 
11 609 14 3 38.0 21.7 1.75 36.4 21.0 1.73 
12 612 20 8.5 36.4 21.0 1.73 30.3 17.9 1.69 
13 622 29 19.5 30.3 17.9 | 1.69 7.55 | 6.53 1AS 
































In carrying out this calculation, the value of R (the resistance of the tubing 
to the flow of gas) was placed equal to 0.94 minutes, this being the reciprocal 
of 1.06, the logarithmic rate of decrease in pressure with the filament at very 
high temperature, which we have already discussed. For Experiment 443 
the value of R was taken to be zero. In using (59) or (61) for the data of Experi- 
ment 441 it was thus necessary to make a preliminary estimate of k to use 


Google IN 





Mechanism of Catalytic Action of Platinum in Reactions 317 


in the correction containing R. After the new value of k was found from the 
slope of the line, a second approximation could be carried out if needed. 

The fourth column of Table I gives the time in minutes covered by the 
portion of the curve from which the value of k was calculated. In every case 
the points (one per minute) over this time interval gave very satisfactory agree- 
ment with a straight line. 

The remaining columns give the partial pressures of the two gases in bars 
at the beginning and at the end of the time interval shown in column 4, and 
also the ratios between the pressures of carbon monoxide and oxygen. These 
ratios are of interest as they are inversely proportional to the reaction velocity 
at any given temperature, and show the range of velocities covered by the 
experiments. 

The values of k recorded in Table I are plotted in Fig. 2. The points may 
be identified by comparing the numbers marking the points in Fig. 2 with 
the numbers in the first column of Table I. The data of Experiment 441 are 
indicated by crosses, while those of Experiment 443 are shown by circles. 
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From (53) and (55) we see that the reaction velocity k increases in proportion 
to », the rate of evaporation of carbon monoxide from the surface. Rates of 
evaporation are in general proportional to vapour pressures, and we know 
that the logarithm of a vapour pressure plotted against the reciprocal of the 
absolute temperature gives a straight line, whose slope multiplied by 4.57 
gives the latent heat of evaporation in calories per gram molecule. In Fig. 2 
the values of & are plotted in this way so that the slope of the line should be 
a measure of the latent heat of evaporation of carbon monoxide adsorbed on 
platinum. 

An examination of the points in Fig. 2 shows that although the values of 
k cover a range of about 17,000 fold they lie in a general way along a straight 
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line. Closer examination shows that the values of k tended to increase steadily 
in the order in which the experiments were carried out, indicating that the 
filament was undergoing a progressive change in the direction of becoming 
a better catalyst or possibly that there was a change in resistance which led 
to the calculated temperatures being too low. Against this latter hypothesis 
stands the fact that the relation between the volts and the amperes, for the 
filament in good vacuum did not change noticeably. The extreme range of 
this effect, however, changed the velocity only about seven fold as compared 
to the 17,000 fold range covered by the experiments. In experiments with 
hydrogen and oxygen a similar increase of the activity with the time is observed, 
and is very much more marked than in experiments with carbon monoxide. 

Taking the heavy straight line in Fig. 2 as representing the final values, 
we find that this corresponds to the equation (& in mm? of oxygen per minute 
per cm*) 

6963 


logis k = 12.666—— (62) 


The slope indicates that the latent heat of evaporation of the carbon mon- 
oxide from the platinum surface is 31,800 calories per gram molecule, which is 
nearly half as great as the heat of combustion of carbon monoxide. This con- 
firms the view that there is a firm chemical union between the carbon monoxide 
and the platinum. 

Table II contains values of k calculated from (62) from room temperature 
up to 1000°K. 

By eliminating w between (53) and (55) we find 


¥, = 7.2X107°R g mols./cm* sec (63) 


which enables us to calculate the rate of evaporation of the carbon monoxide 
from the platinum into a perfect vacuum. If a substance such as a metal evap- 
orates at a known rate, the vapour pressure can be calculated from Equation 3. 
The conditions are somewhat different with an adsorbed film, for conden- 
sation cannot occur at the same rate as the evaporation when the surface remains 
covered with the substance. However, if we apply (3) to an adsorbed film, 
placing » = yw, the pressure that we calculate in this way is that at which about 
one-half of the surface is covered with adsorbed gas, for the rate of conden- 
sation is then half what it would be on a bare surface and the rate of evapo- 
ration is half of that from a completely covered surface. We cannot regard 
this calculated pressure as a true vapour pressure, but it has a valuable physical 
significance. The third column of Table II contains the ‘‘vapour pressure” 
determined in this manner. 

The ratio between this vapour pressure and the actual pressure of carbon 
monoxide in contact with the platinum at any time, is approximately equal 
to 6, the fraction of the surface which is bare. Thus we may conclude that 
if we have a pressure of carbon monoxide as low as 0.001 bar in contact with 
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platinum at 500°K, about 97 per cent of the surface will be covered. These 
figures also show that at a temperature below 450°K it should be impossible 
in any reasonable time to remove an adsorbed film of carbon monoxide 
merely by pumping off the gas with a good vacuum pump. At 600° or higher, 
however, the pressure of gas produced by evaporation from the film is high 
enough so that most of the gas could be pumped off in a rather short time. 
These conclusions are in complete accord with experiments on the adsorp- 
tion of carbon monoxide by platinum.? 


Taste II 
Reaction between Carbon Monoxide and Oxygen at Low Temperatures 








Reaction Velocity Pressure Average Life 
Temp. | k ? i 
T mm?/min cm* bars seconds 
300°K 2.86 x 10-" 4.31 x 107 1.2 x 10" 
350 ; 5.92 x 10-* 9.60 x 10-" 5.8 x 107 
400 t 1.81 x 10-* 3.14 x 10-* 1.9 x 108 
450 0.0016 2.87 x 10-* - 2200 
500 0.055 1.06 x 10-* 63 
550 1.01 0.00207 3.3 
600 11.5 0.0244 0.30 
650 8.4 0.197 0.038 
700 523 1.20 0.0066 
750 2410 5.75 0.0014 
800 9200 22.4 0.00038 
900 85000 222 0.00004 
1000 505000 1390 0.00001 














The fourth column of Table II contains data on the average life t of the 
carbon monoxide molecules on the platinum surface. If Ny is the number of 
spaces in the surface checker-board, or the maximum number of molecules 
that can be adsorbed per unit area, and N is the Avogadro constant, 6.06 x 10%, 
then the average life of a molecule is 
— No 
~ Ny 
Placing N, = 1.510" molecules per square centimetre, and substituting the 
value of », from (63), we obtain 


t 





(64) 


3.46 
t= > seconds 


from which the data of Table II were prepared. This average life represents 
the time that would be required for the amount of carbon monoxide on the 





1 Langmuir, J. Am. Chem. Soc. 40, 1398 (1918). 
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surface to fall to one eth of its original value when the platinum is in a perfect 
vacuum. Again we see that 450° is about the lower limit at which we can expect 
the carbon monoxide to leave the surface spontaneously. Although this result 
is in accord with the experiments which showed that carbon monoxide cannot 
be pumped off below 500°K, it does not seem to agree with Faraday’s obser- 
vation that this gas has only a temporary effect in stopping catalytic action. 
Faraday found that traces of monoxide prevented the combination of oxygen 
and hydrogen on platinum, but the reaction started as soon as the platinum 
was transferred to pure hydrogen-oxygen mixtures. The foregoing calculations 
and experimental results prove that the spontaneous recovery of activity can- 
not be due to evaporation of carbon monoxide from the platinum. The removal 
of the monoxide under these conditions must result from reaction between 
the monoxide and the impinging oxygen molecules, as was considered under 
Case 3. This conclusion is also in accord with direct experiments, for when a 
monoxide film on platinum at room temperature is brought into contact with 
oxygen at low pressure, the monoxide is removed, carbon dioxide is formed, 
and the surface becomes covered by adsorbed oxygen (loc. cit., p. 1396.) 

Some later experiments on the velocity of reaction between carbon monoxide 
and oxygen (Experiment 482 carried out in 1916) gave a measure of the velocity 
with which adsorbed monoxide is capable of reacting with oxygen.! 


The catalyst consisted of a cylinder of platinum foil 1.3 cm diameter and 
4.0 cm length, closed at one end while the other end was sealed to a short but 
large diameter glass tube connecting to bulb of about 4.5 litres capacity. The 
platinum surface of 17.1 sq. cm was maintained at a constant temperature of 
200°C by an electrically heated oven. A pressure of 160 bars of a mixture of 
carbon monoxide and oxygen in exactly equivalent proportions was admitted 
to the system. According to Equation 18, since the ratio of the partial pressures 
of the two gases remains constant, the rate of reaction should be constant so 
that the pressure should vary linearly with the time. Actually, however, the 
plot of pressure against time gives a distinctly curved line. Expressing the veloc- 
ity in terms of the number of cubic millimetres of oxygen reacting per minute 
per square centimetre of catalyst surface we find 


K = 0.052+0.00132 p, (66) 


P2 being the partial pressure of oxygen in bars. 


For the case of equivalent proportions of carbon monoxide and oxygen, 
the last two terms of Equation 46 can be combined into one so that the equation 
1 Experiment 482 includes work with many mixtures of carbon monoxide and oxygen at sev- 
eral temperatures. The writer has not yet found an opportunity to calculate the detailed results 
of these Experiments as he has for Experiments 441 to 445. The results confirm those of Experi- 


ments 441 and 443. The dctailed results of Experiment 482 will probably be considered in a sub- 
sequent paper. 
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takes the same form as (66). Substituting the numerical values u, uw, and w 
from (3) and (55) into (46), and by comparing with (66), we find 


ky = 0.052 mm% of O, per cm? per min 
and «, = 2.1x 107. 


The value of ky agrees with that given for 500°K (227°C) in Table II. 

‘Thus the removal of the carbon monoxide from the surface occurs in two 
ways: (1) By collision of monoxide molecules from the gas phase with adsorbed 
oxygen atoms on the surface. We shall see that nearly every such collision results 
in combination; (2) By reaction between oxygen molecules from the gas phase 
with adsorbed monoxide molecules. Only one out of 5 x 10% molecules of oxygen 
which strike the surface at 200°C react with the monoxide. This low rate of 
reaction indicates that the reaction does not occur as a result of the collision 
of a molecule with the surface, but may occur at any time during the very short 
interval that elapses between the condensation and the evaporation of an oxygen 
molecule on the surface. 

From the above data the life of a monoxide molecule on the surface at 200°C 
is 1360 seconds, with a pressure of oxygen of one bar, assuming for the present 
that no evaporation of monoxide occurs. This life is inversely proportional to 
the pressure of oxygen. Thus, with a pressure of oxygen of fifty bars, the car- 
bon monoxide film should be removed in about half a minute, with the plat- 
inum at 200°. The experiments on adsorption by platinum have shown that 
even at room temperature most of the adsorbed monoxide film is removed 
in a few minutes by such pressures of oxygen. This indicates that ¢, changes 
very little with the temperature. At low temperatures we should therefore 
expect the last two terms of (46) to become relatively more important. 


Reaction between Hydrogen and Oxygen. — In Experiments 441, 443 and 
482 the data obtained with hydrogen and oxygen were very erratic compared 
to those obtained with carbon monoxide and oxygen. The reaction velocity 
was always greater than with the monoxide, but seemed to depend to a large 
extent upon the past history of the platinum surface. When the previous treat- 
ment of the platinum was alike in two cases it was found that the reaction was 
much higher with an excess of oxygen than with excess of hydrogen. In a few 
of the runs (in Experiment 443) in which an excess of oxygen was present, 
the pressure decreased at an accelerating rate just as in the corresponding runs 
with carbon monoxide. In these cases the activity of the platinum was not high, 
so that the velocity was only a little greater than with the monoxide. This result 
showed that the reaction took place principally between adsorbed oxygen atoms 
and hydrogen molecules which strike against them. Adsorbed hydrogen then 
acts as a catalytic poison. 

With the platinum in a more active condition, especially in Experiment 
482 where the reaction often occurred rapidly at room temperature, the reaction 
always took place most rapidly at the highest pressures. It seems, therefore, 
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that the activation of the platinum is caused by some condition which favours 
interaction between adsorbed hydrogen atoms and oxygen which strikes the 
surface. The variability of the reaction velocity, however, makes it difficult 
to obtain reliable data. 


Experiment 445. — Reaction Velocity at Higher Filament Temperature. — 
With the filaments and bulbs used in Experiments 441 and 443, the reaction 
velocity became too great to measure when the filament temperature was raised 
above about 725°K. In order to determine the velocity at higher temperatures, 
the length of the filament was decreased as much as possible. In Experiment 
444 the filament consisted of a piece 4 mm long of the same platinum wire 
that was used in Experiment 443 (diameter 0.0077 cm). This was welded to 
moderately heavy platinum leads. It was found that the temperature of this 
filament, as indicated by its resistance, continued to rise for several minutes 
after the current was turned on. This was due to the gradual heating up of 
the leads. The data on the reaction velocity obtained in this experiment were 
therefore unreliable and are not worth recording here. To avoid this difficulty, 
another bulb was made up (Exp. 445) with a filament of much smaller diameter, 
only 0.00305 cm, and a length of 0.72 cm. The leads were of very heavy plat- 
inum wire, 0.056 cm diameter, doubled back and twisted so as to form a small 
loop, into which the ends of the filament were clamped. These leads were so 
heavy compared to the filament that they did not become perceptibly heated. 
The total energy input into the filament at 1300°K was only about 0.07 watt. 
Because of the small diameter of the filament and the relatively large extent 
to which it was cooled by the leads, it reached its maximum temperature almost 
immediately after turning on the current. The total surface of the filament 
was 0.0069 sq. cm, but because of the cooler ends the effective area was con- 
siderably less. 

Because of the short length of the filament, the cooling by the leads was 
so great that the current needed to heat the filament to a bright red heat was 
two or three times that which would have been needed to melt the filament 
if a long piece had been used. The heat radiated was thus negligible compared 
with that conducted to the leads. Under these conditions the temperature distri- 
bution along the filament can be readily calculated. Assuming a constant heat 
conductivity for platinum equal to that at room temperature, and taking the 
electric resistance proportional to the absolute temperature, it can be readily 
shown that the temperature T at a point at a distance x from the centre of the 
filament is 


'T = T, cos (1680 Ix) (67) 
the angle being expressed in degrees, and x in cm, while T, is the tempera- 
ture at the centre of the filament, and I is the heating current in amperes. The 


uncertainty as to the thermal contact at the leads makes it impractical to cal- 
culate the maximum temperature T, in this way. The temperatures were there- 
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fore estimated by the brilliancy of the light from the filament. A current of 
0.08 amperes gave a temperature estimated to be 1000°K while 0.13 amperes 
gave 1500°. The filament finally melted at the end of the experiment, with 
a current of 0.17 amperes. Allowing for probable volatilization before melting 
we may assume a temperature of 1900° corresponding to 0.17 amperes. These 
temperatures and currents give a straight line plot on double logarithmic paper, 
and this plot was therefore used for determining intermediate temperatures. 
It is evident that this temperature scale is only rough. 

The filament was mounted in a large spherical bulb of 4.2 litres capacity, 
as in Experiment 443, the total volume of the system being 4.75 litres. 

In carrying out the experiments, mixtures of carbon monoxide and oxygen 
or hydrogen and oxygen were introduced into the system, the pressure was 
read on the gauge, and the filament was heated to a given temperature, while 
gauge readings were taken every minute. 

Filament temperatures ranging from 900°K to 1500° were employed in 
the experiments with carbon monoxide, while temperatures from 900° to 1900° 
were used with hydrogen. With a large excess of any gas present, the velocity 
was found to be proportional to the amount of combustible mixture still present. 
Thus if q is the quantity of mixture in the system at any time ¢ and g) is the 
residue of gas remaining after the combustion is complete, it was found that 
7— plotted against ¢ on semi-logarithmic paper, gave a straight line when 
either oxygen or carbon monoxide (or hydrogen) was present in large excess. 
The same relation also held when the gases were present in equivalent propor- 
tions. But if one of the gases was present in only moderate excess, the plot 
on semi-logarithmic paper was very distinctly curved. 

These results are just what our theory has taught us to expect. With a large 
excess of oxygen the velocity of the reaction according to either Case 1 or 2 
(Equations 19 or 33) is proportional to the partial pressure of carbon monoxide, 
while with an excess of monoxide the velocity is proportional to the pressure 
of oxygen. With equivalent proportions the ratio of the partial pressures remains 
constant and it is then readily seen from the theory that the velocity is propor- 
tional to the partial pressure of either gas. A quantitative study of the experi- 
mental results enables us not only to determine the numerical values of the 
coefficients « and a, but allows us to choose between the two theories treated 
under Cases 1 and 2. 

Tables 3 and 4 contain the data furnished by two typical runs with mixtures 
of carbon monoxide and oxygen. 

In preparing these tables, the experimentally determined values of g— qo 
were plotted on semi-logarithmic paper. A smooth curve was drawn through 
the points, and tangents were drawn at several points which corresponded to 
certain evenly spaced values of g such as 150, 90, 60, 45, etc. The slopes of 
the tangents at these’ points are recorded in the tables under the heading s in 
the fifth column. The slopes are expressed in terms of the change in the nat- 
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Taste III 
Reaction between Carbon Monoxide and Oxygen with High Filament 
Temperature (1110°K) and Excess of Oxygen 


























Time % % r 5 Case 1 Case 2 
t mm? of | mm? of by per 
min co O; (34) min 6, | 5 6, 5, 
0.9 96 102 0.500 | 0.153 0.80 0.192 0.50 0.31 
3.4 60 84 0.384 0.210 0.84 0.25 0.54 0.39 
6.3 30 69 0.232 0.252 0.90 0.28 0.62 0.41 
8.6 16 62 0.136 0.281 0.94 0.30 0.69 0.41 
10.1 8 58 0.074 0.292 0.96 0.31 0.76 0.38 
13.4 4 56 0.038 0.316 0.98 0.32 0.82 0.39 
Taste IV 


Reaction between Carbon Monoxide and Oxygen with High Filament 
Temperature (1110°K) and Excess of Monoxide 




















Time % % r ‘ Case 1 Case 2 
t mm! of | mm® of by per a 
min co oO, (34) min r0, Ss 70, Se 
0.3 153 50 3.06 0.135 0.755 0.179 0.628 0.215 
3.9 113 30 3.76 0.145 0.790 0.184 0.676 0.214 
6.6 93 20 4.65 0.153 0.823 0.186 0.718 0.213 
111 73 10 7.3 0.165 0.879 0.188 0.792 0.208 
15.2 63 5 12.6 0.172 0.926 0.186 0.867 0.198 
17.9 59 3 19.6 0.181 0.952 0.190 0.911 0.199 
21.6 56 1.5 37 0.194 0.975 0.199 0.948 0.204 
24.5 54.6 0.8 68 0.205 0.986 0.208 0.970 0.211 




















ural logarithm of g—g) per minute. The second and third columns give the 
quantities of carbon monoxide and oxygen in the system at the times ¢ given 
in the first column. 

In order to compare the results of the experiments with the theory which 
led to the derivation of (19) and (33) we need to calculate the quantity r, defined 
by (34). Substituting the numerical values for M and placing T = 300°K and 
q = 4.75 p in (3) gives 


My, = 1.005 x 10-79, for CO (68) 
Hz = 0.941 x 10-7q, for O, (69) 
Equation (34) thus gives 
r= 0.535 <2 (70) 
2392 


The values of r in the fourth column of Table III were calculated from this 
equation by placing ¢ and a, each equal to unity, while those in Table IV were 
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obtained by placing « = 1 and a, = 0.535 which gives r equal to the ratio of 
4, to gz. The reason for choosing these values will be explained later. 

As we have already seen, the theory indicates that with a very large excess 
of either oxygen or monoxide, the value of s should remain constant as the 
total pressure decreases. The excess of oxygen shown in Table III and the 
excess of monoxide in Table IV are not sufficient to give strictly constant values 
of s. It is seen in each case that s increases at first rather rapidly and then more 
slowly and approaches a limiting value as the gas present in smaller amount 
tends to disappear. In order to calculate these limiting values of s from data 
obtained without a large excess of one of the gases, we may use Equations (19) 
or (33) corresponding to “Case 1” or “‘Case 2”. Since we obtain different limit- 
ing values by the two methods we have a means for distinguishing between 
the two possible mechanisms for the reaction. 

Equation (29) under Case 2 may be written 


wm = Jeu,0, (71) 
By combining (12), (13) and (16) we may obtain an exactly similar equation 
for Case 1 except that 6,46, takes the place of 6,. If we regard 0, as repre- 
senting the whole surface covered by oxygen in any form, (71) thus applies 
to both Cases 1 and 2. With a large excess of oxygen 0, is unity and (71) shows 
that the velocity of the reaction is proportional to the partial pressure of mon- 
oxide, but with a smaller excess of oxygen, the velocity decreases in proportion 
to @,. Therefore, if we let s, be the limiting value of s when there is a very large 
excess oxygen, the value for a smaller excess is given by 


5 = O54 (72) 
Defining r by (34) we may eliminate the factor e4, from (71) and obtain 
© = azp,(72) (73) 


Comparing this with (21) and (31) we see that the factor in parentheses 
must be unity when there is a sufficiently large excess of monoxide, while for 
smaller excesses the velocity decreases in proportion to this factor. Therefore 
if we let s, be the limiting value of s when there is a very large excess of mon- 
oxide, the value for a smaller excess is given by 

$= 10a, (74) 

The values of 6, for Case 2 can be calculated by (35) from the values of 
r given in Tables III and IV. For Case 1 we combine (19), (34) and i and 
obtain the following equation in place of (35): 

1 
76,+8,=1 or 6,= Tr (75) 

The values of 6, given in Tables III and IV were calculated by (35) or (75). 
By means of (72) or (74) the values of s, or s, corresponding to these were then 
calculated and are recorded in the seventh and ninth columns of the tables. 
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An examination of the values of s, and s, for Case 2 shows that they are very 
nearly constant. In other words, the gradual increase in s (fifth column) is 
fully accounted for by the theory considered under Case 2. The agreement 
of the values of s,; or s, calculated according to Case 1 is not nearly so good. 
The experimental results thus indicate that the mechanism of the reaction 
is that assumed under Case 2, according to which the oxygen is adsorbed in 
the atomic condition so that each molecule of oxygen which strikes the surface 
requires two elementary spaces. This result, however, throws no light upon 
the mechanism of the adsorption of the monoxide. For example, we cannot 
determine the exponents m and n of Equation 23, for these do not occur in (33), 
upon which the above calculations are based. The experiments at the lower 
temperatures (Exps. 441 and 443) have shown, however, that the velocity of 
the reaction under these conditions is inversely proportional to the partial 
pressure of monoxide, so that by (30) we see that m is equal to 2. That is, each 
monoxide molecule also occupies two spaces upon the surface, the carbon 
atom being presumably attached to two platinum atoms by its two bonds. 

The data in Tables III and IV represents only those taken at a particular 
filament temperature. The results obtained at other temperatures were plotted 
and calculated in the same manner. The limiting values s, and s, calculated 
according to Case 2 were in every instance more nearly constant than those 
found by the equations for Case 1. The results given by all these experiments 
is summarised in Tables V, VI, and VII. 


TaBLe V 
Reaction at High Temperatures with an Excess of Oxygen 

















Run No Fil. Temp. | Limiting Velocity Je Ra 
°K 5; 
6 900 0.84 0.82 0.75 
5 1110 0.40 0.39 0.50 
1 1260 0.35 0.34 0.32 
3 1350 0.215 0.21 0.28 
4 1500 0.16 0.16 0.15 
Tasie VI 


Reaction at High Temperatures with an Excess of Carbon Monoxide 





| Filament Temp.| Limiting Velocity | 








Run No > ha, ay 
| K | Sa | 
10 900 0.26 0.274 0.33 
8 1110 0.210 0.221 0.56 
7 1260 0.143 | 0.150 0.71 
9 1500 0.110 0.116 0.73 
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Taste VII 
Reaction at High Temperatures with Equivalent Proportions of Oxygen 
and Monoxide 
: Calculated Velocity _ 
Filament paeaten From s, From s, 
Run No Cea Velocity a, =1 a, variable 
s 
r | 6 | Sc r | 10, | Sc 
| 
13 900 0.17 1.07 0.372 | 0.32 3.25 0.64 0.166 
11 1110 0.14 1.07 0.372 | 0.15 1.91 0.52 0.110 
2 1260 0.104 1.07 0.372 | 0.13 1.51 0.47 0.067 
12 1500 0.051 1.07 0.372 | 0.06 1.46 0.46 0.051 








From the limiting velocities s, and s, we may now determine approximate 
values for the coefficients « and a. Equations 20 or 32 enable us to calculate 
e from s, while we may obtain a, from s, by means of (21) or (31). Expressing 
42 in cubic millimetres and ¢t in minutes, while w is in g mols. per square cm 
per second, we find 

1 49, 
~24.6x10°X60A dt 


since there are 24.6 x 10* cubic mm per g mol. of gas. In this equation A repre- 
sents the effective surface of the filament. The total filament surface was 0.0069 
sq. cm, but because of the cooled ends, only a certain fraction 4 was effective 
in causing reaction. Taking the effective area as 0.0069 A, the above equation 
becomes 

9.84 x 10-* dg, 


i teas am 5 (76) 


Substituting this value of w and the value of yu, from (68) in (20) or (32), 
and remembering that s, is equal to at and that dg, = 2dq, we find 


di 
Ss, = 1.020 de (77) 
Similar by substituting (76) and (69) into en or (31), and remembering 
that s, is equal to us -_ we obtain 
; Sq = 0.955 dag (78) 


The values of Ae in Table V and da, in Table VI were calculated from the 
corresponding limiting velocities by means of these equations. Since A must 
be less than unity, it is evident from the values of de in Table V that ¢ must 
be very close to unity. In other words, nearly every carbon monoxide molecule 
which strikes an adsorbed film of oxygen atoms on a platinum surface at about 
1000°K reacts to form carbon dioxide. 
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The decrease in Ae at Higher temperatures is of particular interest. Because 
of the cooling by the leads, and the negative temperature coefficient, most of 
the reaction must occur near the ends of the filament when the filament tem- 
perature is high. By means of (67), the temperature distribution along the fila- 
ment can be calculated. Assuming that the reaction occurs only at those parts 
of the filament where the temperature lies between 750° and 1050°K, the values 
of 4 for each filament temperature have been calculated and are recorded in 
the last column of Table V. It is seen that 4 calculated in this way is approxi- 
mately equal to the value of Ae for the same temperature. At any rate the agree- 
ment seems to justify, within the probable experimental error, the conclusion 
that over a range of temperatures from 800° to 1000°K, and with a sufficiently 
large excess of oxygen, the surface of the filament is covered by atomic oxygen 
which reacts with every molecule of carbon monoxide which strikes it. At 
lower temperatures the reaction velocity decreases rapidly because the surface 
becomes covered with monoxide, while at higher temperatures the velocity also 
decreases rapidly and becomes negligible at temperatures much above 1100°K. 

The data of Table VI show that Aa, is also of the order of magnitude of 
unity. Assuming that € is equal to unity, we may take the data in the fourth 
column of Table V as giving the values of A. Dividing these into Ja, given in 
the fourth column of Table VI, we obtain a, as recorded in the last column. 
These values are not very far from unity, and show a distinct tendency to become 
unity at the higher temperatures. It seems improbable that a, should be inher- 
ently variable. We should rather look for some secondary cause for the varia- 
tion. An explanation in accord with all the facts is obtained by assuming that 
the surface of the platinum is not perfectly homogeneous, but that certain of 
the elementary spaces hold carbon monoxide much more firmly than other 
spaces do, so that from a portion of the surface the monoxide evaporates more 
slowly. Thus when there is an excess of monoxide a part of the surface is more 
or less permanently covered with a film of monoxide while the rest of the surface 
remains bare and allows the reaction to proceed in accord with the theory already 
developed. With an excess of oxygen instead of monoxide, the monoxide film 
would tend to disappear owing to the interaction with the oxygen such as that 
observed with in Experiment 482 and in the experiments on adsorption by 
platinum surfaces. 

According to this explanation, the values of a in Table VI give the fraction 
of the surface which is not poisoned by the semi-permanent film of monoxide. 
As the temperature is raised it is therefore natural that the value of a, should 
increase, for less of the surface is covered by this film. When there is an excess 
of oxygen, the value of a, should increase to unity according to this theory. 
In Table III r was calculated by taking a, = 1. If, however, the value a, = 0.53 
is taken as in Table IV, s, does not come out nearly so constant. This result 
seems then to confirm the conclusion that a, differs appreciably from unity 
only when a considerable pressure of monoxide is present. 
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Table VII contains the results of some experiments with equivalent pro- 
portions of carbon monoxide and oxygen. In these runs the observed values 
of s, in accord with the theory, remained practically constant as the pressure 
decreased. The sixth and ninth columns contain values of s calculated from 
the data of Tables V and VI for the case of equivalent proportions. Because 
of the uncertainty regarding the value of a, two methods were employed in 
calculating s,. 

In the first method a, and e were assumed equal to unity as they were in 
the calculations of Table III, and r was found from (70), placing q, = 29s. 
From this, 6, was obtained by (35), and s was then calculated by (72) from 
the values of s, given in Table V. 

By the second method ¢ was taken equal to unity, but the values of a, used 
in calculating r were taken from Table VI, and s was then obtained by (74) 
from s, in Table VI. 

The observed values of s in Table VII lie between those calculated by the 
two different methods. This indicates that with equivalent proportions of the 
two gases the values of a, approach unity a little more closely than those cor- 
responding to a large excess of monoxide. This is quite in accord with expla- 
nation offered. 

It is of interest to note that with equivalent proportions s is smaller than 
if either one of the gases is present in excess. It is readily seen by (33) that 
this is in accord with the theory. 

The actual reaction velocities observed in Experiment 445 were very much 
higher than those of Experiments 441 and 443. Thus according to the data 
of Table VII, at a temperature of 900°K, and a total pressure of 60 bars of 
mixture in equivalent proportions, the rate of reaction corresponds to 3300 
cubic mm of oxygen per min. per square cm of effective filament surface. 
By comparison with the values of k given in Table II, we see that such a high 
velocity could be attained by the low temperature type of reaction only at tem- 
peratures a little above 750°K. It is evident that at about this temperature the 
temperature coefficient of the reaction velocity must become negligible. This 
deduction checks well with the conclusion already reached that the effective 
surface of the filament is that portion which has a temperature between 750° 
and 1050°K. 


Reaction between Hydrogen and Oxygen.— With mixtures of hydrogen and 
oxygen in contact with platinum at high temperature the results were very 
similar to those found with carbon monoxide and oxygen. Tables VIII and IX 
give typical experimental data, the arrangement being the same as in Tables III 
and IV. . 

In calculating r by (34), the value of u, is given by (69) but 4, for hydrogen 
is obtained from 


#1 = 3.76x 10-7 g, (79) 
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Taste VIII 
Reaction between Hydrogen and Oxygen with High Filament 
Temperature (1110°K) and Excess of Oxygen 




















Time n a ae 

t mm? of mm? of by - 6 on 
min H, O; (34) | (per min) 

0.25 60 92 1.31 0.575 | 0.338 1.70 
0.90 40 82 0.98 0.75 0.385 1.94 
1.60 20 72 0.56 1.05 0.481 2.19 
2.25 10 67 0.30 1.22 0.582 2.10 
2.95 4 64 0.12 1.34 0.702 1.94 

Taste IX 


Reaction between Hydrogen and Oxygen with High Filament 
Temperature (1110°K) and Excess of Hydrogen 























Time n qs r 
t mm! of mm? of by * , 70, Sy 
min H, 0, (34) (per min) 
15 105 25 | 8.4 0.49 0.815 | 0.60 
27 83 14 10.8 0.51 0.860 0.59 
4.6 65 s | 2 0.54 0.930 0.58 
63 | 59 2 | 59 0.56 0.965 0.58 
This gives 
€ 
r= 2,002 (80) 
2293 


in place of Equation (70). 
Substituting w from (76) and y, from (79) in (20) we find in place of (77): — 
5, = 3.81 Ae (81) 
while the value of s, is given as before by (78). 

In calculating r, € was placed equal to a, in (80), for rough preliminary cal- 
culations showed this to be justified. In Tables VIII and IX @, was calculated 
from r by (35), corresponding to Case 2. The values of s, thus obtained, are 
much more nearly constant than if the formulas of Case 1 are employed. 

The agreement between experiment and theory shown by the data of Tables 
VIII and IX is very satisfactory. Thus with an excess of oxygen, s increases 
2.3 fold as the partial pressure of hydrogen falls, but as the relative constancy 
of the values of s, shows, this increase is just about that required by the theory. 
With an excess of hydrogen, on the other hand, s increases only very slightly 
(1.14 fold) as the oxygen disappears, but this again is in full accord with the 
theory. 
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Table X gives a summary of the limiting values of s obtained at various 
temperatures with mixtures of hydrogen and oxygen, together with je and 
Aa, calculated from them by (81) and (78). The data for the temperature 1110° 
are those given in more detail in Tables VIII and IX. It is seen that Ae and 
Aa, do not decrease at the higher temperatures to the same extent as they did 
with mixtures of carbon monoxide and oxygen (see Tables V and VI). This 
indicates that the oxygen film is not removed from the surface to any great 
extent by distillation even at 1500°. Therefore, the decrease in the velocity 
of the reaction with the monoxide at the high temperatures cannot be due 
to evaporation of the oxygen film but must be due to a decrease in the 
value of ¢«. This may best be interpreted as an indication that the rate of 
evaporation of monoxide molecules from a surface covered with adsorbed 
oxygen atoms, increases with the temperature more rapidly than the velocity 
of interaction between the monoxide and the underlying oxygen atoms. 


Taste X 
Reaction between Hydrogen and Oxygen at High Temperatures 











Filament Excess of Hydrogen 
Excess of Oxygen 24 

Tempe- | - ye a a= = 

rature \ 5s | rv Ss day 
900°K 1.5 | 0.39 0.55 | 0.58 
1110 2.1 | 0.55 0.59 0.62 
1260 2.3 | 0.60 0.44 0.46 
| 0.42 0.41 0.44 

\ 


1500 1.6 


The values of Ae and Au, are so nearly equal that we are justified in placing 
€ =a, in calculating r by (80). When we take into account that A must be 
materially less than unity, it is evident that ¢ and a, must be nearly if not actually 
unity. 

A large number of experiments were carried out with hydrogen-oxygen 
mixtures with filament temperatures ranging from 1500° to 1900°K. Even 
at the highest temperatures the velocity of the reaction was about the same 
as at 1500°. Reliable quantitative measurements, however, were impossible 
owing to a gradual disappearance of oxygen without corresponding disappear- 
ance of hydrogen. Thus in a typical case, the filament was heated to 1650°K 
for 15 minutes in a mixture originally consisting of 36.1 mm? of oxygen and 
56.2 mm? of hydrogen. There remained 7.2 mm! of gas which analysis showed 
to be practically pure hydrogen, although from the original composition we 
should have expected a residue of oxygen. Assuming that the 49.0 mm? of 
hydrogen combine with 24.5 of oxygen to form water, we find that 11.6 mm* 
of oxygen must have disappeared in some other way. About 8 runs at temper- 
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atures above 1500° were made, and in these the total amount of oxygen which 
remained unaccounted for was 66 mm’. 

Previous work with platinum filaments heated to very high temperature 
in pure oxygen had shown that the platinum vapour combines with oxygen 
to form PtO, which deposits on the bulb.! This, however, cannot be the cause 
of the disappearance of oxygen in the present experiments, for even if the whole 
of the platinum filament (0.00012 grams) were to combine with oxygen this 
would cause the disappearance of only 15 mm!, while the observed amount 
was 66. 

It seems then that the disappearance must be caused by the evaporation 
of oxygen atoms from the surface and their subsequent combination with oxygen 
to form ozone which condenses in the appendix cooled by liquid air or combines 
with water vapour on the bulb to form hydrogen peroxide. A more detailed 
experimental and theoretical study of this effect should make it possible to 
measure the degree of dissociation of oxygen into atoms in much the same 
way that the writer has measured the dissociation of hydrogen. 


Summary 


Carbon Monoxide and Oxygen. — When mixtures of carbon monoxide and 
oxygen at pressures up to a few hundred bars (0.1 mm) are brought into contact 
with a smooth platinum surface at 500° to 700°K, they react at a rate propor- 
tional to the partial pressure of oxygen and inversely proportional to the pres- 
sure of monoxide. The reaction velocity increases rapidly with the tempera- 
ture, about 1.6 fold for 10° at 600°. 

With the platinum at 750° to 1050°K the velocity is practically independent 
of the temperature, being limited largely by the rate at which the gases can 
come into contact with the surface. With an excess of oxygen, the velocity is 
proportional to the pressure of monoxide, while with an excess of monoxide 
the rate is proportional to the pressure of the oxygen. 

A theoretical quantitative analysis of the experimental results leads to the 
following conception of the mechanism of the reaction. Every oxygen molecule 
which strikes a clean platinum surface condenses on the surface in the form 
of single atoms combined with separate platinum atoms. This chemical union 
is so firm that there is no appreciable evaporation of the oxygen atoms from 
the surface even with the platinum at 1500°K. These adsorbed oxygen atoms 
are in a very active condition in regard to their ability to react with monoxide, 
for every molecule of carbon monoxide which strikes an adsorbed oxygen atom 
reacts with it to form dioxide. When monoxide molecules strike a clean plat- 
inum surface, every one condenses on the surface, being held by chemical 
union between the carbon atom and two platinum atoms. An adsorbed film 
of monoxide thus consists of a monomolecular layer of oriented molecules. 


1 Langmuir, J. Am. Chem. Soc. 37, 1161 (1915). 
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These adsorbed molecules are not as firmly held to the surface as oxygen atoms 
for they evaporate at an appreciable rate at temperatures as low as 500°K. 
Because of their orientation the monoxide molecules are very inert chemically 
towards oxygen. At 500°K only about one oxygen molecule out of 10!* which 
strike a surface covered with adsorbed monoxide reacts with the monoxide. 
The heat of evaporation of adsorbed monoxide is 31,800 calories per gram 
molecule and at 700°K with a pressure of one bar of monoxide, at least half 
of the platinum surface is covered with adsorbed monoxide. 

In the low temperature range the surface is nearly completely covered by 
a monoxide film, and the reaction occurs only when monoxide molecules strike 
oxygen atoms which have become adsorbed in the spaces left vacant by the 
evaporation of monoxide molecules. 

In the high temperature range the surface is nearly covered with oxygen 
when there is an excess of oxygen, and the reaction velocity is then limited by 
the rate at which the monoxide strikes the surface. With an excess of monoxide 
the surface is largely bare. The reaction velocity is limited by the rate at which 
the oxygen strikes the surface, for every oxygen molecule remains on the surface 
(in atomic condition) until struck by a monoxide molecule. 

Hydrogen and Oxygen. — At low temperatures (300° to 600°K) rather erratic 
results are obtained for the reaction velocity with mixtures of hydrogen and 
oxygen, for the velocity depends upon the previous treatment of the platinum. 
When the platinum is in a relatively inactive condition, the results are similar 
to those obtained with carbon monoxide and oxygen, the velocity being roughly 
proportional to the pressure of oxygen and inversely to that.of the hydrogen. 

At high temperatures (700° to 1900°K) the results correspond closely with 
those obtained with monoxide, the hydrogen having the same function as the 
monoxide. At these temperatures, the reaction is not sensitive to the previous 
treatment of the platinum. 

These results indicate that the adsorbed oxygen atoms are very reactive 
towards hydrogen, every collision between a hydrogen molecule and an adsorbed 
oxygen atom resulting in combination. Under certain conditions adsorbed 
hydrogen atoms are relatively inactive towards oxygen molecules, but the plat- 
inum can be brought into a condition which enables the adsorbed hydrogen 
to react with oxygen molecules or with the oxygen adsorbed in adjacent spaces 
on the surface. 
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